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The organisation of microtubule networks into a bipolar spindle is essential for reliable 
chromosome segregation during cell division. A pair of centrioles surrounded by 
pericentriolar material (PCM), define the canonical centrosome that acts as the main 
microtubule organising centre (MTOC) during mitosis. In mammalian meiosis, centrioles 
are eliminated early on during oogenesis. Despite the absence of centrosomes, a large 
number of centrosomal proteins are highly expressed in mouse oocytes. Here, I 
characterise the localisation and function of centrosomal proteins at a previously 
undescribed meiotic spindle pole domain (MSPD).   
An initial protein screen identified a group of pericentriolar satellite proteins that 
localised to a previously undescribed spindle pole domain throughout meiotic maturation 
in mouse oocytes, including Pericentriolar material 1 protein (PCM1). This domain was 
distinct from spindle microtubules and the acentrosomal microtubule organising centres 
(aMTOCs). Initial characterisation focused on PCM1, the main centriolar satellite 
scaffold protein in somatic cells. Depletion of PCM1 revealed interdependence with the 
essential aMTOC component, Pericentrin. In the absence of PCM1, aMTOCs could no 
longer assemble or maintain their structural integrity. PCM1 degradation and 
disassembly of aMTOCs disrupted spindle assembly and reduced the total amount of 
nucleated microtubules throughout meiosis. In the absence of the main microtubule 
nucleating aMTOCs, oocytes relied on the Ran GTPase activity to form a small bipolar 
spindle. A similar mechanism was previously reported in human oocytes that lack 
prominent MTOCs. 
The extended centrosomal protein screen identified additional components of the MSPD. 
TACC3, under the regulation of Aurora-A at aMTOCs, drive assembly of the MSPD.  
This domain was absent in MTOC free human oocytes but a second population of 
TACC3 (identified in mouse oocytes) localised to the meiotic spindle and K-fibres was 
essential for maintaining spindle pole integrity. Establishing the Lightsheet Z.1 system 
for live cell imaging of human oocytes enabled us to observe the dynamic distribution of 
TACC3 in these oocytes. In the absence of prominent MTOCs and the MSPD, human 
oocytes likely rely on other spindle assembly factors and motor proteins to organise their 
spindle. Future work to address if the absence of the MSPD could account (in part) for 
the observed spindle instability in human oocytes is an exciting outlook.
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 INTRODUCTION 
1.1 Overview  
The introduction provides an overview of cell division, with the main focus on female 
meiosis, describing the whole process of oocyte maturation from folliculogenesis to 
meiosis II arrest of the mature egg. The main emphasis is to give a detailed overview of 
the assembly, organisation and key features / components of the microtubule spindle that 
orchestrates chromosome segregation.  The main differences between mitotic and meiotic 
spindles is highlighted through each of these points. Finally, I will introduce the 
mechanisms of spindle assembly in mouse and human oocytes.   
The subject of this thesis mainly focuses on how meiotic spindle assembly uniquely 
adopts some of the centrosomal components from mitosis in a centriole-free system 
(oocytes). Therefore, the overarching focus for the introduction is to give a 
comprehensive overview of the relevant mitotic components that I investigated in mouse 
and human meiotic oocytes. 
1.2 The cell cycle 
The cell cycle is a universal process in all eukaryotes and includes distinct phases that are 
essential for cell growth and cell division (Figure 1.1). The main stages are the synthesis 
(S) phase, during which the cell replicates its DNA content, mitosis (M) phase where the 
cell splits its chromosomal content, followed by cytokinesis during which the cell divides 
into two daughter cells that are genetically identical (Figure 1.1). The remaining two 
phases are referred to as growth phases (G1 and G2), important for various checkpoints 
prior to S phase and M phase, respectively. The period between subsequent mitosis is 
referred to as interphase (G1, S and G2). The resting (G0) phase represents cells that 
seized replication and enter a state of quiescence, often triggered by environmental 
conditions. 
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Human somatic cells contain 46 chromosomes (22 homologous pairs and two sex 
chromosomes), referred to as diploid (2n) cells, representing two copies of each 
chromosome as a result of replication in S phase. The two identical copies (sister 
chromatids) are joined together at a small region referred to as the centromere (Figure 
1.1).   
 
 
Figure 1.1 Schematic representation of the cell cycle and the phases of mitosis.  
Stages of cell cycle, first growth (G1) phase, synthesis (S) phase, second growth (G2) 
phase and mitosis (M) phase. Resting (G0) represents a phase outside of the replicative 
cell cycle, when the cell stops proliferation. Specific phases of mitosis are shown on the 
right. Chromosomes are shown in red (maternal) and blue (paternal). Modified from 
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1.3 From Mitosis to Meiosis 
Mitosis governs the replication of all cell types in the body (somatic cells), except 
reproductive cells, referred to as gametes, which undergo meiosis, a reductive division 
(Figure 1.2). Two rounds of reductive meiotic divisions (Figure 1.2), first the tetraploid 
(4n) number of chromosomes are halved between two diploid (2n) cells (Meiosis I) and 
then halved again to four haploid sets (1n) (Meiosis II), are required for the maturation of 
sperm and egg cells (Figure 1.5).  At the time of fertilisation, the sperm and egg both 
contribute equally to give rise to a fertilised zygote, with a restored diploid (2n) set of 
homologous chromosomes (Figure 1.5). While both mitosis and meiosis start with a 
diploid parental cell and in many aspects share regulatory and mechanistic pathways and 
components, there are four critical differences that distinguish meiosis from mitosis 
(Wilkins & Holliday, 2009) (Figure 1.2 and Figure 1.3): 
1. Absence of S phase between two successive cell divisions (meiosis I and meiosis 
II) to achieve haploid gametes (4n after S phase to 1n after MI and MII) 
2.  Homologous chromosome pairing of maternal and paternal chromosomes (MI) 
3. Crossover of the homologous chromosomes and recombination (MI) 
4. Homologous chromosome segregation during MI. 
In addition, during female meiosis, the segregation of homologous chromosomes is 
achieved in a highly asymmetrical division that results in the extrusion of two small polar 
bodies (section 1.4, p20). During mitosis, the cell undergoes the different phases as a 
continuous process (Figure 1.1), however, in the case of female meiosis, the completion 
of the first meiotic division can take decades (discussed in section 1.4, p20).  
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Figure 1.2 Schematic outline of the reductive division during meiosis. 
Different colours of chromosomes (red or blue) represent different parental origin. The 
set of chromosome numbers and the reduction from diploid (2n) to haploid (1n) is shown 
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1.3.1 The unique segregation event of meiosis I 
Meiosis I (MI) adapted a number of unique mechanisms to ensure the correct segregation 
of  homologous chromosome pairs while the sister chromatids are protected against 
premature separation (Marston & Amon, 2004; Webster & Schuh, 2016). During 
homologous recombination, the chromosome pairs are linked by chiasmata as a result of 
crossover and recombination (referred to as bivalents, Figure 1.3.A) (Hunter, 2015). 
Cohesin is a multi-subunit protein complex that links sister chromatids at the centromeric 
region (proximal  cohesin) and the homologous chromosome arms (distal cohesin) 
(Figure 1.3.B-C) (Losada et al., 1998; Michaelis et al., 1997; Watanabe & Nurse, 1999). 
To ensure that bivalents can segregate during MI without the premature separation of the 
sister chromatids, a stepwise loss of cohesin is required during MI and MII. During 
anaphase, activation of the protease separase cleaves REC8, the meiotic specific subunit 
of the cohesin complex to allow chromosome segregation. However, the centromeric 
proximal cohesin complex holding the two sister chromatids together is protected from 
cleavage by shugoshin (Sgo) proteins (Figure 1.3.B-D) (Gómez et al., 2007; Lee et al., 
2008). In mice, meikin also ensures the coupling of kinetochores of sister chromatids to 
form a single functional unit for correct microtubule attachment and segregation (Figure 
1.3.C-D) (Kim et al., 2015).  
1.3.2 Meiosis II 
During the second meiotic division, the sister chromatids are aligned on the meiotic 
spindle. During anaphase II, Sgo proteins relocate and the activated separase can now 
cleave the Rec8 subunit of the centromeric cohesin and allow sister chromatid 
segregation (Figure 1.2, similar to that of mitosis, Figure 1.1) (Chambon et al., 2013; 
Gómez et al., 2007; Lee et al., 2008).  
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Figure 1.3 Schematic structure of homologous chromosome recombination. 
(A) Following pre-meiotic DNA replication, cohesin is connected between the two 
identical sister chromatids and formation of crossover occurs between the maternal 
(pink) and paternal (blue) homologous chromosomes during recombination. (B) Multi-
subunit cohesin complex holding together two strands of chromosomal DNA. 
Centromeric region is protected by shugoshin (Sgo) from cleavage of REC8 by separase. 
(C) Schematic structure of homologous bivalent after recombination. (D) Centromeric 
region of two sister chromatids showing the protective Sgo localisation and the 
bioriented sister kinetochores held together by meikin. Taken from (Webster & Schuh, 
2016). 
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1.4 Female meiosis and oocyte maturation 
Mammalian female meiosis starts very early during foetal development (Figure 1.4). The 
diploid primordial germ cells (PGCs) originate from the inner cell mass of the 
developing embryo. Following migration into the genital ridges, PGCs proliferate via 
mitosis and differentiate into multipotent germ cells (forms the germ cell cysts). The 
commitment to either the female (oogenesis) or male (spermatogenesis) reproductive 
development is based on the timing of meiotic entry (Agrimson & Hogarth, 2016). PGCs 
in the developing foetal ovary are triggered to enter prophase of MI mediated by retinoic 
acid signalling during embryonic development (Bowles et al., 2006; Koubova et al., 
2006). By activating meiosis specific genes such as meiotic recombination protein 
(REC8) and synaptonemal complex protein 3 (SYCP3) (Agrimson & Hogarth, 2016),  
the primordial oocytes undergo condensation of the replicated genetic material to form 
homologous chromosomes and undergo recombination. Oocyte arrest is maintained in 
the dictyate (resting) stage of prophase and the oocytes are stored in the ovary 
surrounded by somatic cells (primordial follicles) to facilitate oocyte growth (Figure 1.4). 
It is generally thought that the pool of primordial follicles is set at the time of birth 
(Gosden et al., 1983; Mandl & Zuckerman, 1951). While this dogma has since been 
challenged suggesting that mitotically active germ cells can replenish the available pool 
of oocytes (Johnson et al., 2004; White et al., 2012; Wu et al., 2017), there is still 
considerable debate about their existence (Hernandez et al., 2015; Zhang et al., 2015).   
1.4.1 Folliculogenesis 
During prophase arrest, oocytes undergo a prolonged growth phase, during which they 
need to accumulate mRNAs and proteins; crucial for meiotic competence and embryonic 
development. This growth phase is supported by folliculogenesis (Figure 1.4). Follicles 
are a densely packed layer of somatic (granulosa) cells surrounding the immature 
primordial oocyte (Li & Albertini, 2013b). Primordial follicles start to form around the 
time of prophase arrest. Via a complex series of gene regulation, at the time of puberty 
the primordial follicles are activated and follicular maturation begins (Figure 1.4) 
(Sánchez & Smitz, 2012). This process involves the proliferation of granulosa cells that 
surround the immature oocyte to give rise to primary and secondary (pre-antral) follicles. 
At this point, follicles express follicle stimulating hormone (FSH) and luteinizing 
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hormone (LH) receptors and continued proliferation of the granulosa cells triggered by 
FSH, results in the increase in follicle size and the formation of a fluid filled antrum 
(early antral and Graafian follicles) (Sánchez & Smitz, 2012). Formation of the antrum 
divides the granulosa cells, and those cells that remain directly associated with the oocyte 
are termed cumulus cells (Figure 1.4). Gap junctions with the granulosa and later 
cumulus cells seem to play an important role in the maturation and growth of oocytes 
throughout folliculogenesis (Li & Albertini, 2013; Sánchez & Smitz, 2012). 
 
 
Figure 1.4 Schematic figure showing oogenesis and folliculogenesis from primordial 
germ cells (PGCs). 
Oocytes are shown in grey and somatic cells in purple. Oogenesis begins in the foetal 
ovary and folliculogenesis continues in the adult ovary, triggered by gonadotropin 
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1.4.2 Meiotic resumption and oocyte maturation 
Throughout folliculogenesis, oocytes remain arrested in prophase I. During the late antral 
stage (Graafian follicle), as the follicles become gonadotropin responsive (Figure 1.4), 
the surge in LH levels triggers meiotic resumption and ovulation. By the time of meiotic 
resumption, the oocyte is transcriptionally silent  (Pan et al., 2005).  
It has long been recognised that oocyte arrest is maintained by cyclic nucleotides (cAMP 
and cGMP). High intracellular cAMP levels are maintained via both oocyte mediated 
synthesis and to a major extent via influx of cAMP produced by the surrounding 
granulosa cells through the connecting gap junctions (Mehlmann et al., 2004; Mehlmann 
et al., 2002). Following LH-triggered signalling, the degradation of intracellular cAMP 
results in the de-phosphorylation of protein kinase A (PKA) and the activation of the 
mitosis promoting factor (MPF), followed by progression to meiotic maturation and 
nuclear envelope breakdown (NEBD) (Norris et al., 2009; Vaccari et al., 2008).  
Meiotic prophase arrested oocytes are morphologically distinct and contain a large, well-
defined nucleus (germinal vesicle, GV) that holds decondensed chromatin (Figure 1.5. 
Stage 1). Meiotic resumption triggers the condensation of chromatin into chromosomes 
and NEBD. The stages of oocyte maturation have been extensively studied and can be 
divided into distinct stages, summarised in Figure 1.5. Following NEBD, microtubule 
nucleation begins around the condensed chromosomes (section 1.6, p52). The 
microtubule fibres organise into a bipolar spindle structure (Figure 1.5. Stage 2), which 
captures, aligns, and following spindle relocation to the cortex (Figure 1.5. Stage 3), 
separates the homologous chromosomes (Figure 1.5. Stage 4).  As the homologous 
chromosome pairs are split during anaphase, the highly asymmetric cell division ensures 
that the egg retains most of its stored material and only extrudes a small polar body 
containing half of the homologues. The second meiotic spindle is quickly formed (Figure 
1.5. Stage 5), this time aligning the sister chromatid pairs (similar to mitosis), and the egg 
arrests in MII. At this point, the oocyte reaches its full maturity and it is now referred to 
as an MII egg, ready for fertilisation (Figure 1.5). Only upon sperm-egg fusion will MII 
resume, and the separated half of the chromatids are extruded in the second polar body. 
The haploid male and female pronuclei then form and migrate to the centre of the 
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fertilised zygote (Figure 1.5), where the first mitotic spindle will form to give rise to a 
two-cell embryo (Mogessie et al., 2018).   
 
 
Figure 1.5 Main stages of mouse oocyte maturation and formation of the fertilised 
zygote.  
Stages of oocytes maturation: (Stage 1) Prophase I arrested oocyte with characteristic, 
large germinal vesicle (GV, purple). (Stage 2) Bipolar spindle in green and aligned 
homologous chromosomes in blue. (Stage 3) Spindle relocates to the oocyte cortex. 
(Stage 4) Homologous chromosome separation during anaphase I and extrusion of the 1st 
polar body. (Stage 5) Second meiotic spindle forms and sister chromatids are aligned 
while the mature egg awaits fertilisation (metaphase II arrest). Meiosis II resumes upon 
sperm entry and 2nd polar body is extruded, retaining only half of the sister chromatids. 
The fertilised zygote forms a maternal (blue) and paternal (green) pronucleus. Modified 
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1.5 The spindle machinery: structure and dynamics 
The spindle machinery is a highly dynamic macromolecular structure, composed of 
different subsets of microtubules, microtubule-associated proteins and spindle assembly 
factors. Its function is to orchestrate the capture, alignment and accurate segregation of 
genetic material in both mitosis and meiosis. Formation of the microtubule cytoskeleton 
into a bipolar spindle that can exert molecular-scale mechanical forces involves a large 
number of interacting components. All these components are dynamically organised into 
specific subunits, and together make up the overall anatomy of the spindle (Figure 
1.6.A). While the spindle itself is a universal machinery that drives cell division in 
eukaryotes, meiotic cells have adapted some key differences at the structural level. In 
order to fully appreciate these meiosis-specific modifications, one first needs to look at 
the basic structure of the mitotic spindle. 
At the structural level, the spindle can be divided into specific components (Figure 
1.6.A). Antiparallel microtubule fibres bundled with their fast-growing plus-ends facing 
the chromosomes and slow-growing minus-ends are focused at the spindle poles by 
microtubule organising centres (MTOCs) (Figure 1.6.A). Microtubule bundles that attach 
directly to the kinetochores, specialised protein complexes at the centromeric region of 
the chromosomes, are referred to as kinetochore fibres (K-fibres) and are essential for 
chromosome alignment and segregation (Figure 1.6.A and C). Astral microtubules 
emanate away from the spindle poles with the plus-tips facing the cytoplasm. 
Microtubule binding proteins can selectively target specific conformations of tubulin 
subunits or can be targeted to specific parts of the microtubule spindle to alter 
microtubule dynamics (section 1.5.2, p28). Chromosomes themselves are not just passive 
passengers within the spindle, but have a crucial role in organising microtubule assembly 
and are also the site of the main cell cycle regulatory step (spindle assembly checkpoint, 
SAC) for progression into anaphase (section 1.5.3, p39). Centrosomes are considered the 
main MTOCs in animal cells and their absence in meiotic cells represents one of the 
main differences between mitotic and meiotic spindles, which has a direct impact on their 
spindle assembly as well as overall morphology (discussed in section 1.5.4, p41).  
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Figure 1.6 Structural features of the bipolar spindle.  
(A) Schematic representation of a mitotic bipolar spindle made up of three types of 
microtubules (MT) (interpolar, kinetochore and astral fibres). Chromosomes are attached 
to kinetochore fibres (K-fibres) via the centromeric kinetochore. The main MTOCs 
(centrosomes in mitotic cells) organise the minus-ends of microtubules to form the 
focused spindle poles. Examples for the organisation of microtubule fibres by different 
microtubule binding proteins are shown in the boxed regions (B-D). Blue dashed lines 
indicate the direction of microtubule flux. (B) Antiparallel array of microtubule fibres 
that drives spindle elongation and bipolarity. Kinesin-5 (Eg5, red), a tetrameric 
crosslinker, slides the antiparallel microtubules apart. (C) Kinetochores anchor the 
minus-ends of microtubule fibres that are crosslinked to form the stable K-fibres. (D) 
Focused array of microtubules anchored by the centrosome. Dynein (green) with its 
NuMA (Nuclear Mitotic Apparatus, pink) adaptor protein transports minus-ends of the 
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1.5.1 Microtubule structure and dynamics 
Microtubules are polymers of αβ-tubulin heterodimers that can grow (microtubule 
polymerisation) and shrink (microtubule depolymerisation) by the addition or removal of 
αβ subunits, respectively (Figure 1.7) (Kirschner & Mitchison, 1986; Purich & 
Kristofferson, 1984). The αβ-tubulin heterodimers are arranged into linear protofilaments 
in a head-to-tail configuration (Figure 1.7). Typically, microtubules polymerised in vivo 
are formed of thirteen protofilaments, interacting laterally in a hollow cylinder 
configuration (Akhmanova & Steinmetz, 2015). Two fundamental properties of 
microtubules are key in the structural integrity and function of the spindle: polarity and 
dynamic instability. 
Due to the asymmetry of the αβ-tubulin heterodimers; the α-subunits of the 
protofilaments are exposed at the minus-end and the β-subunits are exposed at the plus-
end (Figure 1.7). In vivo, this structural polarity of the microtubule filament is critical, as 
the two ends have different capacities for growth. In addition, some of the microtubule-
associated proteins that are crucial for the regulation of microtubule dynamics can 
recognise the polarity of the microtubule lattice (Figure 1.6). This means that they can 
bind to pole-specific regions of the microtubules, or in the case of most motor proteins, 
they can move in one direction only, based on microtubule polarity (section 1.5.2, p28). 
Both α- and β-tubulin monomers can bind a nucleotide. The N-site- (nonexchangeable) 
bound GTP in the α-tubulin subunit is trapped within the unpolymerized dimer and 
cannot be exchanged, whilst the E-site- (exchangeable) bound GTP of the β-subunit is 
hydrolysed to GDP shortly after incorporation and forms a GTP-tubulin rich cap (GTP 
cap) at the fast-growing plus-tips (Figure 1.7). Biochemical studies have also 
demonstrated that efficient microtubule elongation requires the GTP-bound tubulin state, 
and that following incorporation and hydrolysis to GDP, the tubulin lattice is more prone 
to depolymerisation (Hyman et al., 1992; Nogales, 2015). It is thought that the loss or 
reduction of the GTP-cap induces a transition from polymerisation to depolymerisation.  
Microtubules are highly dynamic and can stochastically switch between phases of growth 
and shrinkage, referred to as dynamic instability (Kirschner & Mitchison, 1986). The 
different states of dynamic instability can be described by the rate of shrinkage, the rate 
of growth and the transition frequency between catastrophe (growth to shrinkage) and 
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rescue (shrinkage to growth) (Walker et al., 1988). This steady state of growth and 
shrinkage is tightly regulated at both ends of the microtubule and it is fundamental to 
spindle assembly, remodelling and chromosome capture, as well as for microtubule-
dependent force generation (Akhmanova & Steinmetz, 2015). While the dynamic nature 
of microtubules can be observed in vitro; microtubules are more dynamic in vivo, 
suggesting that other cellular factors are critical for their regulation. 
 
 
Figure 1.7 Microtubule polymerisation and depolymerisation cycle.  
The cycle of tubulin assembly, that is the assembly (polymerisation) and disassembly 
(depolymerisation) mediated by the hydrolysis of GTP-bound tubulin dimers (pink) to 
GDP-bound dimers (blue). The GTP-bound dimer incorporation at the growing (plus-
ends) forms the GTP cap that provide stability. The switch between assembly and 
disassembly can be described as catastrophe and rescue events, respectively. Modified 
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1.5.2 Microtubule binding proteins (MTBPs) 
A large variety of proteins have been identified that can interact directly with 
microtubules and regulate microtubule stability (Figure 1.8). Here, the term MTBPs 
broadly refers to all  proteins with experimental evidence showing that they bind 
microtubules (Goodson & Jonasson, 2018). Another frequently used term, microtubule 
associated proteins (MAPs) can be considered as a subset of MTBPs that can co-
sediment with microtubules and also includes the classical or structural MAPS that bind 
along the full length of microtubules, such as the MAP1, MAP2 MAP4 family and TAU 
proteins (not discussed here) (Goodson & Jonasson, 2018).  
At the functional level, MTBPs can stabilise and destabilize, bundle and cross-link 
microtubules and also act as capping proteins. Some can regulate interaction with other 
components of the cytoskeleton and will be referred to as cytoskeletal integrators. In 
addition, microtubule-based motor proteins can utilise the energy released from 
nucleotide hydrolysis and move along the microtubule lattice to mediate short and long-
distance cargo transport (Figure 1.8). 
A large number of MTBPs modulate their affinity to bind microtubules via 
phosphorylation by microtubule affinity regulating kinases (MARKs), such as Polo-like 
kinase 1 (PLK1), Polo-like kinase 4 (PLK4) and Aurora A (Goodson & Jonasson, 2018).  
A select group of MTBPs that are most relevant for this thesis are introduced below.    
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Figure 1.8 Examples of microtubule binding proteins (MTBPs). 
Boxed regions represent some of the main categories of MTBPs based on their function 
and localisation on the microtubule (MT). Green plus signs (+) represent positive 
regulators of MT growth (promotes polymerisation) and red minus signs (-) mean 
negative regulation (promotes depolymerisation). Two main examples of motor proteins: 
minus-end directed cytoplasmic dynein with its adaptor protein dynactin and plus-end 
directed kinesins. Modified from (Margolin et al., 2012). 
 
1.5.2.1 Microtubule stabilising and polymerising MTBPs 
In vivo, microtubule growth rate is accelerated by almost 10-fold compared to in vitro 
polymerised microtubules (Wade, 2009). This is largely achieved by the stabilizing 
effects of various MTBPs. A group of proteins that belong to the plus-end tracking 
proteins (+TIPs)  are both structurally and functionally diverse, and are distinguished by 
their ability to selectively associate with the fast growing plus-tips of the microtubules 
(Figure 1.8) (Akhmanova & Steinmetz, 2015). Once recruited, +TIPs favour 
polymerisation of microtubules and/or stabilise the growing ends with reduced frequency 
of catastrophe.  
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The end-binding (EB) proteins are one of the main families of +TIPs, containing a highly 
conserved N-terminal domain (calponin homology domain fold) that is responsible for 
their microtubule binding ability (Hayashi & Ikura, 2003; Korenbaum & Rivero, 2002); 
the C-terminal contains domains responsible for interaction and recruitment of other 
proteins. In mammals, three different EBs are found, EB1, EB2 and EB3. Strictly 
speaking, these proteins are specific to growing microtubule ends and track with the 
growing tip due to their affinity to bind short-lived, growing tip specific conformations of 
the protofilaments (Maurer et al., 2014). 
Cytoplasmic linker-associated proteins (CLASPs) are another class of +TIP proteins that 
support microtubule growth rate via stabilising the plus-ends (promoting rescues) and 
can directly bind tubulin heterodimers. They are found to be important for K-fibre 
stabilisation at the kinetochores (Pereira et al., 2006). 
A highly conserved and prominent microtubule polymerase belongs to the XMAP215 
protein family, first identified in frog egg extracts (Gard & Kirschner, 1987). In vitro 
studies demonstrated that XMAP215/ch-TOG/CKAP51 accelerated microtubule plus-end 
growth by almost 10-fold (Gard & Kirschner, 1987). It can directly bind microtubule 
dimers via its N-terminal TOG domain (Gard & Kirschner, 1987; Widlund et al., 2011), 
and is considered to be a processive polymerase as it can add multiple tubulin dimers 
without detaching from the microtubule (Howard & Hyman, 2007). It was shown to 
antagonise the destabilising effects of XKCM1 (MCAK, section 1.5.2.2, p31) catastrophe 
factor, and together, the opposing polymerising and depolymerising events determine 
steady-state  microtubule length (Howard & Hyman, 2007; Kinoshita et al., 2002; 
Tournebize et al., 2000).     
                                                 
1 CKAP5 (Cytoskeleton-associated protein 5) /ch-TOG: 2,032 amino acids, 225.495 kDa 
The five TOG (tumour overexpressed gene) domains arranged in an N-terminal pentameric array with 
intra-HEAT loops (six HEAT repeats per domain – tandem repeat structural motif composed of two alpha 
helices linked by a loop) forming an oblong paddle-like structure. Source: UniProtKB. 
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XMAP215/ch-TOG/CKAP5 was shown to complex with the centrosomal protein 
TACC32 (Maskin in frog/Xenopus), and plays an important role in spindle assembly 
(Gergely et al., 2003; Kinoshita et al., 2005; M. J. Lee et al., 2001). TACC3 is part of the 
TACC protein family that was suggested to have a role in microtubule nucleation by 
influencing the assembly at the centrosomes (Singh et al., 2014) and maintains spindle 
stability via its interaction with ch-TOG (M. J. Lee et al., 2001; Peset et al., 2005). It was 
proposed that TACC3/ch-TOG, which can form a one-to-one complex at the 
centrosomes, stabilises the growing plus-tips to promote microtubule polymerisation at 
the spindle poles (Ding et al., 2017; Gutierrez-Caballero et al., 2015; Kinoshita et al., 
2005). TACC3 is a well characterised Aurora A substrate (Kinoshita et al., 2005; LeRoy 
et al., 2007; Lioutas & Vernos, 2013) and via its microtubule interacting partner, 
clathrin3, has been shown to complex with other proteins that enable its participation in 
different roles during spindle assembly (e.g. section 1.5.2.4) (Hood et al., 2013). 
In the context of this thesis, I will present our findings and discuss in more detail the 
relevance of TACC3 and its known interaction partners (ch-TOG and clathrin) in the 
formation of a meiotic-specific spindle domain (Chapter 4: Results Part II, p120). 
1.5.2.2 Microtubule destabilising MTBPs 
Microtubule destabilisers promote dissociation of tubulin dimers and can achieve this by 
a number of different mechanisms, including the sequestering of free tubulin subunits 
(e.g. stathmin), destabilisation of microtubule tips (e.g. kinesin-13 and stathmin) and 
microtubule severing (e.g. katanin, spastin and fidgetin) (Figure 1.8) (Goodson & 
Jonasson, 2018).  
                                                 
2 TACC3 (Transforming acidic coiled-coil-containing protein 3): 838 amino acids, 90.360 kDa 
Transforming acidic coiled-coil containing (TACC) protein domain, C-terminal. Conserved in in TACC1, 
2 and 3 proteins.  
3 Clathrin (Clathrin heavy chain 1): 1675 amino acids, 191.615 kDa 
WD40-like protein repeats at the N-terminal form the seven-bladed beta-propeller that project inward from 
the polyhedral outer clathrin coat. Source: UniProtKB 
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A number of proteins that belong to the kinesin families (motor proteins, section 1.5.2.6, 
p35) are shown to promote microtubule depolymerisation. In particular, MCAK/Kif2C 
from the kinesin-13 family is a prominent microtubule depolymerase and one of the best 
characterised members of this motor family, with a unique ability to rapidly diffuse along 
microtubules in both directions (Ritter et al., 2016; Claire E. Walczak et al., 2013; 
Wordeman & Mitchison, 1995). MCAK has a high affinity for microtubule ends and can 
remove microtubule dimers from the GTP-cap in an ATP-dependent manner, by 
stabilising the curved protofilament conformation; a structural modification as part of 
depolymerisation (Figure 1.7) (Howard & Hyman, 2007; Talapatra et al., 2015). It is 
considered to be one of the most effective catastrophe inducing factors, with a 
comparable rate of microtubule disassembly at both ends (Newton et al., 2004; Ritter et 
al., 2016). It has essential functions for spindle length regulation as well as generation of 
K-fibre chromosome pulling force during anaphase onset (Domnitz et al., 2012; Rogers 
et al., 2004; C E Walczak et al., 1996).  
1.5.2.3 Microtubule capping MTBPs 
Capping proteins can stabilise microtubule filaments by associating with either the plus-
end or minus-end of the filament (Figure 1.8). One of the best known minus-end cappers, 
in the context of the spindle, is the γ-tubulin ring complex (γ-TuRC), formed of various 
gamma complex proteins (GCPs 2-6) and thought to act as a microtubule template 
(Wiese et al., 2006). While their main role is to nucleate microtubules at  MTOCs 
(section 1.6, p52), they also stabilise minus-ends at the spindle poles (Kollman et al., 
2011).  
1.5.2.4 Microtubule bundler / crosslinker MTBPs 
The linear polymers of microtubule filaments can be cross-linked into bundles of arrays 
(Figure 1.6.B and D). Kinesin-5 (Eg5/KIF11) is a well characterised, tetrameric plus-end 
tracking motor protein that can bind two antiparallel microtubule fibres and generate a 
pushing force that slides the fibres apart from each other (Figure 1.6.B) (Peterman & 
Scholey, 2009). This sliding activity of Kinesin-5 drives bipolar spindle formation 
(Waitzman & Rice, 2014). Combined with the depolymerisation / polymerisation at the 
two ends of the microtubules, Kinesin-5 is thought to drive microtubule flux, the 
 Chapter 1: Introduction  
 
  33 
 
continuous movement of the microtubule lattice towards the minus-ends (spindle poles) 
(Figure 1.6, blue arrows) (Peterman & Scholey, 2009).  
K-fibres in mammalian spindles are composed of 15-35 parallel microtubule fibres, 
stabilised at the kinetochores and held together by electron-dense bridges (Figure 1.6.A 
and C) (Hepler et al., 1970). K-fibres are much more stable compared to the highly 
dynamic interpolar microtubules (Figure 1.6.A), in part due to the function of a cross-
linker complex. TACC3 in complex with ch-TOG and clathrin is important for the cross-
linking of the K-fibre bundles (Booth et al., 2011). Clathrin is considered to be a 
‘moonlighting’ membrane trafficking protein (Royle, 2013), with an alternative function 
in spindle organisation (Foraker et al., 2012; Royle et al., 2005). The interaction between 
the clathrin heavy chain and TACC3 is dependent on phosphorylation of TACC3 by 
Aurora A kinase. (Fu et al., 2010; Lin et al., 2010). 
Another example is PRC1, a passive crosslinker of antiparallel microtubules. It can bind 
to microtubule filaments via its C-terminal spectrin domain and bundle the plus-tips of 
overlapping parallel microtubules in the spindle midzone that forms during anaphase 
(central spindle), when chromosomes are pulled apart (Bieling et al., 2010; Mollinari et 
al., 2002; Subramanian et al., 2010). The N-terminal domains mediate protein 
interactions (kinesin-4 and kinesin-5) and homodimerization so that the microtubule 
binding domains are at opposite ends and can cross-link microtubule filaments with a 
defined length of overlapping region (Subramanian et al., 2010). PRC1 is also observed 
in the midzone of bipolar spindles. Here, it appears to form the bridging microtubule 
fibres that link the two sister K-fibres together that end at the kinetochores (Kajtez et al., 
2016). These bridging fibres are thought to help balance the tension between the two 
bioriented sister kinetochores and are  also hypothesised to enable the curved shape of 
the spindle (Toli et al., 2016).   
In general, most stabilisers have some bundling activity - however whether their role is 
physiologically relevant remains unclear. Motor proteins do have a wide range of 
functions in the bundling and cross-linking of microtubule fibres. For instance, dynein 
with the minus-end focusing NuMA adapter is essential for spindle pole focusing (Figure 
1.6.D, section 1.5.2.6, p35) (Merdes et al., 2000; Quintyne & Schroer, 2002). 
Characterisation of a novel spindle domain in mammalian meiosis 
 
34   
 
1.5.2.5 Cytoskeletal integrators 
Although spindles are considered to be microtubule-based structures, actin 
microfilaments (F-actin) have also been described in meiotic spindles (Mogessie & 
Schuh, 2017; Weber et al., 2004). Recently, it was reported that prominent actin 
microfilaments infiltrate the entire meiotic spindle in various mammalian oocytes 
examined (mouse, pig, cow, sheep and human) and resembles a spindle-like structure 
(Mogessie & Schuh, 2017). This work also described an actin-dependent mechanism in 
mouse oocytes that is important for K-fibre assembly and correct chromosome 
attachments. In this context, proteins that have the ability to bind both microtubules and 
F-actin (a type of cytoskeletal integrator) are of high interest. One example for such a 
potential integrator is myosin-10 (Myo10)4, an unconventional myosin that was shown to 
have an important function during spindle assembly in frog oocytes (Weber et al., 2004). 
Myo10 is an F actin-based motor protein, which interacts with F actin via its PH motor 
domain but also contains a C-terminal MyTH4-FERM domain for the binding of 
microtubules (Hine & Sandquist, 2014; Weber et al., 2004; Woolner et al., 2008).  
My PhD work looked at Myo10 localisation as I found that among other prominent 
MTBPs and PCM components, it also localises to a unique spindle domain that I began 





                                                 
4 Myosin-10 (Myo10) / Unconventional myosin-X: 2069 amino acids, 238.517 kDa 
Contains an N-terminal motor domain and two Pleckstrin homology (PH) domains. C-terminal Myosin 
Tail Homology 4 (MyTH4) domain is a conserved tail domain of several unconventional myosins. Also at 
the C-terminus, a FERM domain (F for 4.1 protein, E for ezrin, R for radixin and M for moesin) found in 
cytoskeletal associated proteins. Source: UniProtKB 
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1.5.2.6 Microtubule motor proteins 
Motor proteins have the ability to use energy from ATP hydrolysis via their catalytic 
domain to power directed movement along the cytoskeleton. Microtubule based motor 
proteins can be grouped into two main families of proteins, dyneins and kinesins (Figure 
1.8) (Sweeney & Holzbaur, 2018). Both can bind to a wide range of organelles and 
proteins and move them along the microtubules as cargo. Depending on the location of 
the motor domain, the direction of movement can be either towards the plus-end or the 
minus-end. 
Dyneins 
Dyneins are minus-end directed motor proteins that belong to the AAA+ superfamily 
(ATPases Associated with diverse Activities), formed of a large, multi-subunit complex 
that contains two heavy chains (DHC) with ATPase activity (Neuwald et al., 1999). The 
DHC is composed of six AAA+ modules arranged in a ring that catalysis its processive 
movement along microtubules, with the ability to interact with a large variety of cargoes.  
While there is a diverse group of axonemal dyneins, according to our current knowledge, 
there is only one cytoplasmic dynein that functions as the main minus-end directed 
microtubule motor in eukaryotic cells (Reck-Peterson et al., 2018). Cytoplasmic dynein 
function, besides various organelle and cargo transport within the cell, is also essential 
for spindle assembly, positioning and function. It is activated via its essential cofactor,  
dynactin subunit that binds to the dynein intermediate chains via its p150Glued subunit 
(Figure 1.8) (McKenney et al., 2014; Schlager et al., 2014; Waterman-Storer et al., 
1995). Apart from dynactin, Lis1 is another essential dynein activator that binds to the 
DHC ring to promote a strongly bound state for an extended period of microtubule 
attachment (Huang et al., 2012). For a single motor protein to show such a variety of 
interacting partners and roles, it must be tightly regulated and able to adapt specificity, 
which is achieved via different activating adaptors (Table1.1) (Kardon & Vale, 2009; 
Raaijmakers et al., 2013; Reck-Peterson et al., 2018). These proteins are thought to both 
activate the motility and link the dynein-dynactin complex to specific cargoes (Reck-
Peterson et al., 2018). A few examples of such activating adaptor proteins are shown in 
Table1.1.  
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Table 1.1 Examples of activators and candidate activators of cytoplasmic dynein. 
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Kinesins 
Kinesins are a superfamily of motor proteins that have been classified into 14 kinesin 
families (Lawrence et al., 2004). Their structure contains a conserved, catalytic kinesin 
light chain domain (KLC) and their specificity is adapted for cargo binding, regulation 
and localisation via a diverse range of non-motor domains (Table 1.2). The majority of 
kinesins have an N-terminal motor domain and direct movement towards the plus-ends. 
However, the motor domain resides at the C-terminal in the minus-end directed kinesin-
14 family motor proteins. In addition, some of the kinesin-13 family proteins have a 
central motor domain: these have microtubule depolymerising activity, and can diffuse 
along microtubules in both direction (e.g. MCAK, see section 1.5.2.2, p31) (Helenius et 
al., 2006). Kinesins have essential roles during cell division and are regulated spatially 
and temporally (Verhey & Hammond, 2009). In general, this can be done by controlling 
protein levels (e.g. cell cycle-dependent ubiquitylation and degradation of Kinesin-7, 
Kinesin-10 and Kinesin-13 during anaphase), nuclear or cytoplasmic sequestration (e.g. 
cytoplasmic sequestration of kinesin-7, CENPE, can only interact with its chromosomal 
cargo at kinetochores, after nuclear envelope breakdown), activation and deactivation by 
GTPases and kinases (e.g. RanGTP activation of Kinesin-10 and 14 at nuclear envelope 
breakdown, around chromosomes) and recruitment to specific spindle components 
(Verhey & Hammond, 2009).  
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Table 1.2 Examples of kinesin families related to spindle function. 
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1.5.3 Chromosomes 
Chromosomes undergo major structural and organisational changes during the cell cycle 
and are active components of the spindle machinery (Müller & Almouzni, 2017). During 
mitosis and meiosis, the chromatin is condensed into chromosomes. In this tightly packed 
configuration, chromosomes no longer act as accessible genetic material for 
transcription, but instead are active passengers of the spindle apparatus (Figure 1.6), with 
an essential role for microtubule nucleation (section 1.6, p52) as well as stabilisation of 
specialised microtubule fibres (K-fibres) and regulation of spindle dynamics.  
An important part of each sister chromatid is the centromeric kinetochore, a large 
macromolecular complex made up of centromeric proteins (CENPs) that link the spindle 
microtubules to the centromeric region of the chromosomes (Figure 1.6.A) (Welburn & 
Cheeseman, 2008). The inner plate of the kinetochore assembles on the centromeric 
heterochromatin, while the outer plate contains microtubule plus-end (K-fibre) anchoring 
sites that can stabilise up to 15-35 microtubule fibres (K-fibres). Sister chromatids are 
correctly attached when each kinetochore established an end-on microtubule attachment, 
originating from opposite spindle poles (Figure 1.9.A, amphitelic attachment), in order to 
ensure equal tension for the alignment on the metaphase plate and correct segregation of 
chromosomes (Figure 1.9.B). Mistakes in the attachment, or no attachment (Figure 1.9.A, 
monotelic, syntelic and merotelic) can lead to segregation errors, such as misaligned and 
lagging chromosomes (Figure 1.9.C).  
Kinetochores also act as the regulatory sites for cell cycle progression. Anaphase onset is  
triggered only when the kinetochore attachment signal, the spindle assembly checkpoint 
(SAC), is satisfied (Musacchio & Hardwick, 2002). SAC is a signalling network that 
detects both tension and unattached K-fibres at kinetochores. The active SAC signal is 
maintained at kinetochores by high SAC protein concentrations (Mps1, Bub1, Bub3, 
BubR1, Mad1 and Mad2) that maintain CDC20, the APC/C co-activator, in an inactive 
state; this  blocks cohesin disassembly during anaphase onset mediated by Cyclin B and 
Securin (Sanders & Jones, 2018). This property of the SAC can be experimentally used 
to check for K-fibre attachment, by measuring SAC protein signal at kinetochores. Once 
all K-fibres are correctly attached to the bioriented chromatids (Figure 1.9.B), SAC 
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proteins disassemble, the kinetochore attachment signal is satisfied and anaphase is 
triggered (Sanders & Jones, 2018). 
 
 
Figure 1.9 Kinetochore microtubule fibre attachments.  
(A) Correct attachment (green tick, amphitelic). Incorrect attachments (red cross) when 
one kinetochore is unattached (monotelic), both sister kinetochores attached to K-fibres 
from the same pole (syntelic) or one of the kinetochores attached to K-fibres from 
opposite poles (merotelic). (B) With a balanced, amphitelic attachment, chromosomes are 
aligned and sister chromatid separation is synchronised. (C) Incorrect attachments can 
lead to unbalanced tension and chromosome alignment defects (misaligned 
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1.5.4 Microtubule organising centres (MTOCs) 
Microtubule dynamics and morphology changes throughout the cell cycle. In order to 
assemble and remodel microtubules into an ordered bipolar structure (Figure 1.6), cells 
need to be able to spatiotemporally regulate the formation and assembly of microtubules 
via organisers  (Sanchez & Feldman, 2017).  These spindle organisers, also referred to as 
microtubule organising centres (MTOCs), recruit nucleators (section 1.6, p52) and a wide 
range of microtubule associated proteins to mediate such control over microtubules. 
Throughout the different cell types and organisms, MTOCs appear in different size, 
organisation and distribution, which in turn also determines the overall spindle 




Figure 1.10 Examples of different spindle morphology and spindle pole 
organisation. 
Microtubules shown in grey. Bipolar spindle morphology in mitotic cells shows sharp, 
pointy spindle poles organised by centrosomes (two centrioles in orthogonal arrangement 
surrounded by the pericentriolar material PCM). The barrel-shaped meiotic spindle in 
mouse oocytes is organised by the coalescence of multiple acentrosomal microtubule 
organising centres made up of PCM components (aMTOCs). The small, barrel-shaped 
spindle in human oocytes does not contain prominent MTOCs or foci of PCM. Modified 
from (Bennabi et al., 2016). 
  
In mitotic cells, centrosomes are considered to be the main site of microtubule 
nucleation, organising the minus-ends of microtubule fibres to form focused arrays of 
well-defined spindle poles (Figure 1.10). Centrosomes are the earliest recognised 
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MTOCs for spindle function in animal cells (section 1.5.4.1, p42). However, other, non-
centrosomal forms of microtubule organisers can also be found in higher plants, 
multiciliated epithelial cells, myoblasts and neuronal cells (Bartolini & Gundersen, 
2006). In addition, centriole elimination was documented in the oocytes of mouse, rabbit, 
pig, cow, sea urchin, frog, worm, flies and humans (Hertig & Adams, 1967; Manandhar 
et al., 2005; Mikeladze-Dvali et al., 2012; Pimenta-Marques et al., 2016; Szollosi et al., 
1972). Female meiosis, therefore has also adopted specialised, non-centrosomal MTOC 
organisers during meiosis (Figure 1.10, section 1.5.4.2, p50).  
The structural composition and function of centrosomes has been extensively studied 
since their discovery. However, the organisation and role of centrosomal proteins in 
acentrosomal MTOC spindles is still poorly understood: this represents the main focus of 
the present thesis. An overview of centrosome composition and function is essential in 
order to appreciate the special adaptations, as well as the conserved functions of 
centrosomal proteins in acentrosomal meiotic oocytes. 
1.5.4.1 The centrosome  
The centrosome is a structurally complex, non-membrane bound organelle that can be 
divided into distinct structural and functional units (Figure 1.11). It is composed of a 
large number of proteins and protein complexes that make up the two centrioles (mother 
and daughter centrioles) and the surrounding pericentriolar material (PCM). A single 
centriole holds nine microtubule triplets that form a cylinder 200 nm wide and 400 nm 
long (Fujita et al., 2016). The older, mother centriole can be distinguished by the 
presence of two appendages, while the younger, daughter centriole contains an 
intermediate cartwheel (Fujita et al., 2016). In dividing cells, the centrosomes are also 
replicated following centriole disengagement (G1 phase) only once per S phase. This 
involves procentriole nucleation, followed by centriole elongation. At the end of G2 
phase, once centriole replication is complete, the PCM increases in size (centrosome 
maturation) and in preparation for M phase, the centrosomes separate to form the two 
poles of the spindle (Fujita et al., 2016). Overall, this process is referred to as the 
centrosome cycle (not further discussed here).  
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Figure 1.11 Schematic structure of the mature centrosome. 
Architecture of the post-mitotic centrosome (after centriole disengagement but before 
procentriole nucleation), contains the fully mature mother centriole marked by the distal 
and subdistal appendages and the daughter centriole containing the intermediate 
cartwheels. Structured pericentriolar material (PCM) appear as toroidal around the 
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Pericentriolar material (PCM) 
The mature centrioles (two centrioles in orthogonal configuration) are thought to act as 
the recruiting scaffold for a large number of PCM proteins, most of which are coiled-coil 
proteins. The coiled-coil motif is composed of intertwined α-helices that facilitate a wide 
range of protein-protein interactions (Lupas et al., 1991).  During the cell cycle, the PCM 
is highly dynamic and serves as the recruiting platform for the γTuRC complexes, the 
origin of microtubule nucleation (section 1.6, p52) and the site where microtubule minus-
ends are anchored  (Figure 1.12) (Zheng et al., 1995).   
Early electron microscopy images revealed no detailed structural insights of the PCM, 
which appeared highly dense and amorphous around the well-defined centrioles. The 
traditional view of an unstructured cloud of PCM has since been  shown to be an 
inaccurate description (Lawo et al., 2012). Images from super resolution 
immunofluorescence microscopy methods (3DSIM, STROM, PALM and STED) 
mapped specific components of the PCM,  revealing a well-structured, higher order 
organisation with PCM components localised to specific domains, forming a toroidal 
distribution around the interphase centrioles (Figure 1.12) (Fu & Glover, 2012; Lawo et 
al., 2012; Mennella et al., 2012; Sonnen et al., 2012). During interphase, distinct 
concentric rings with increasing diameter around the mother centriole include 
Pericentrin 5 , CEP152, CEP192 6  and CDK5RAP2 (Figure 1.12). Together, these 
components form the PCM proximal layer in the immediate vicinity of the centriole wall 
(Fry et al., 2017). Using domain specific immunofluorescence imaging, Pericentrin and 
CEP152 were shown to assemble into elongated, rod-like filaments, extending away 
from the centriole wall where the C-termini are anchored  (Lawo et al., 2012; Mennella et 
al., 2012; Sonnen et al., 2012) and it is thought  that they may also provide a molecular 
                                                 
5 Pericentrin/Kendrin/Pericentrin-B: 3336 amino acids, 378.037 kDa 
Contains six coiled-coil central regions flanked by non-helical N- and C-terminals. A pericentrin-AKAP-
450 centrosomal targeting (PACT) domain is present at the C-terminus, responsible for centrosomal 
recruitment.  
6 Centrosomal protein of 192 kDa (CEP192): 2537 amino acids, 279.111 kDa 
Source: UniProtKB 
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ruler for the diameter of the PCM (Figure 1.12) (Fry et al., 2017). While the interaction 
of CEP152 with centrioles is not well understood, Pericentrin C-terminal interaction is in 
line with previous structural studies showing that the C-terminal PACT domain is 
essential for centrosome targeting of Pericentrin (Gillingham & Munro, 2000).   
In between the Pericentrin and CEP152 molecular filaments, other PCM proximal layer 
components form a branched matrix that includes CDK5RAP2 and CEP192, as well as 
anchored γTuRCs via other adaptor proteins, such as NEDD1 (Figure 1.11 and 1.12) 
(Cota et al., 2017; Fry et al., 2017; T.-C. Lin et al., 2016).  The localisation of the 
proximal matrix proteins CEP192 and CDK5RAP2 are dependent on Pericentrin, 
suggesting that these components form a functional complex (Dix & Raff, 2007; Gomez-
Ferreria et al., 2007; Lawo et al., 2012; O’Connell et al., 2000; Zhu et al., 2008). 
 
 
Figure 1.12 Schematic structure of the centrosomal PCM. 
Figure shows a simplified overview of the centrosome structure. The well-structured 
interphase centrosome shown on the left. The expanded PCM during mitosis shown on 
the right, as a result of phosphorylation by PLK1 of multiple PCM components, such as 
Pericentrin, CDK5RAP2 and CEP192. Taken from (Fry et al., 2017). 
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During centrosome maturation, PCM expansion is driven by PLK1 and Aurora A kinase 
activity (Barr & Gergely, 2007; Blagden & Glover, 2003; Mahen & Venkitaraman, 
2012). Both kinases phosphorylate multiple PCM components and significantly increase 
recruitment of PCM proteins to the centrosome. Pericentrin is considered to be a main 
PCM scaffold protein. Its phosphorylation by PLK1 is thought to drive PCM expansion 
and recruitment of centrosomal proteins, such as CEP192, NEDD1, γ-tubulin, Aurora A, 
and PLK1 (K. Lee & Rhee, 2011). This is in line with work done in roundworm 
(C.elegans), where the PCM is described as a two component system, with a main 
scaffold recruiting other PCM components referred to as “PCM clients” (Woodruff et al., 
2017). 
Compared to the interphase PCM, mitotic PCM expands in both volume and microtubule 
nucleation capacity (Fry et al., 2017). While it stays spherical around the centrioles, it 
becomes less ordered at the level of molecular structure (Figure 1.12).  How an organelle 
that undergoes significant expansion can determine its size and shape without a well-
defined boundary such as a lipid-membrane remained unclear until recently. In vitro 
studies of C. elegans PCM component SPD-5 (CDK5RAP2 analogue), suggested that 
recombinant SPD-5 has the ability to phase separate and form PLK1-dependent micron-
scale droplets (Wueseke et al., 2016). This work led to the theory that the expanded 
mitotic PCM could be considered a macromolecular condensate that forms a 
compartmentalised unit during mitosis (Woodruff et al., 2017). While this seems to be an 
attractive model to explain PCM expansion and dynamics, further assessments in vivo 
and in vitro reconstitution systems are required to investigate whether phase-separation 







 Chapter 1: Introduction  
 
  47 
 
Centriolar satellites (CS) 
So-called centriolar satellites (CS) that form cytoplasmic granules (membraneless, 70-
100 nm in size) (Figure 1.13.B) are relevant to the organisation and integrity of the 
centrosome (Hori & Toda, 2017). These dynamic structures, predominantly localised 
around the centrosome, were first identified in the 1960s (Bärenz et al., 2011) and have 
also been observed around basal bodies during ciliogenesis (Anderson & Brenner, 1971; 
Dirksen, 1991; Sorokin, 1968; Steinman, 1968).  The first main component in human 
interphase cells, pericentriolar material-1 (PCM1)7 was identified in 1994 (Figure 1.13) 
(R Balczon et al., 1994; R Balczon & West, 1991). PCM1 is considered to be the 
fundamental scaffold protein of CS. In line with this, PCM1 depletion results in 
disassembly of CS granules (Tollenaere et al., 2015). PCM1 is a large, coiled coil protein 
containing 8 predicted coiled-coil motifs that are thought to mediate most of its 
interactions with other proteins (Tollenaere et al., 2015). While the mechanism of CS 
assembly is not known, PCM1 also contains an oligomerisation motif, suggesting that it 
may serve as the main assembly factor and carrier protein.   
CS localisation and transport is microtubule-dependent (Figure 1.13.A). Using live cell 
imaging techniques, PCM1 labelled CS granules showed dynamic movement along 
microtubule fibres originating from the centrosome and PCM1 in vitro, and also co-
purified with microtubules (Ron Balczon et al., 1999; Kubo et al., 1999a). In line with 
this, microtubule depolymerisation leads to dispersion of CS granules in the cytoplasm 
(Dammermann & Merdes, 2002; Kubo et al., 1999a; Kubo & Tsukita, 2003). It has since 
been established that, at least in part, centrosome-directed CS movement is mediated by 
dynein-dynactin motor proteins. A number of CS components, such as BBS4, Par6α, 
CEP72 and CEP290 have been shown to facilitate the direct interaction between CS and 
the dynein complex (Hori & Toda, 2017; Kim et al., 2004; Kim et al., 2008; Kodani et 
al., 2010b; Stowe et al., 2012).  
                                                 
7 Pericentriolar material-1 (PCM1): 2024 amino acids, 228.544 kDa 
Contains eight central coiled-coil repeats essential for its molecular activity as a scaffold protein.  
Source: UniProtKB 
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Figure 1.13. Centriolar satellite components. 
(A) Schematic representation of centriolar satellite (CS) movement along the 
microtubules via dynein motor protein. (B) Immunofluorescence image of human 
interphase cell (h-TERT-RPEI), labelled for centriolar satellites (green, PCM1) around 
the centrosome (red, γ-tubulin) (Hori & Toda, 2017). (C) Selected examples of centriolar 
satellite proteins. Those highlighted in green have known functions for centrosome 
maintenance and maturation. Those highlighted with an asterix (*) are important for 
either the structural integrity or the localisation of CS granules (Tollenaere et al., 2015). 
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Over a hundred different proteins have been identified to localise to the CS since its first 
discovery (examples shown in Figure 1.13.C). While its main cellular function as a cargo 
transport between the cytoplasmic and centrosomal pool of proteins is still valid, a 
number of novel functions have also been identified that are relevant not only for 
centriole replication and centrosome maturation, but also for maintaining centrosome 
proteostasis, microtubule organisation and spindle pole integrity (Hori & Toda, 2017). 
Indeed, with the exception of PCM1, CS proteins are also found to localise to 
centrosomal sites.  The first components shown to be transported via the CS to the 
centrosome were Centrin, Pericentrin and Ninein (Bärenz et al., 2011; Dammermann & 
Merdes, 2002). This initial study also revealed an important functional role of CS for 
microtubule organisation at the centrosomes, as mislocalisation of Ninein after PCM1 
knockdown leads to microtubule anchoring defects (Dammermann & Merdes, 2002). 
Other CS components, such as FOP and MSD1/SSX2IP have also been shown to be 
involved in microtubule tethering (Hori & Toda, 2017). More recent studies revealed that 
some centrosomal protein concentrations (OFD1 and CEP290) are not affected by the 
absence of the CS pool, suggesting that these proteins may be required for the integrity of 
the CS but use different centrosome targeting mechanisms (Kim et al., 2008; Lopes et al., 
2011). Other examples demonstrated that CS may also act as a storage site, and in its 
absence, an increase in centrosomal concentration of CEP72 and CEP90 was detected (K. 
Kim & Rhee, 2011; Oshimori et al., 2009; Tollenaere et al., 2015). Other components of 
the CS have been found to have a potential function for spindle pole integrity (CEP72, 
Par6α and CEP90) (Tollenaere et al., 2015). 
At the protein level, PCM1 remains unchanged, however, the number of granular 
structures labelled by PCM1 and their association with the centrosome shows variability 
throughout the cell cycle (Hori & Toda, 2017). The highest levels of CS granules are 
observed during interphase and these significantly decrease during M phase, thus 
suggesting that CS organisation is regulated by the cell cycle. While the mechanisms of 
CS assembly and disassembly are not known, PCM1 was found to have a number of 
phosphorylation sites (Hori et al., 2016). One such site was shown to be phosphorylated 
by PLK4 (S372), regulating self-dimerisation of PCM1 as well as interaction with other 
CS components (BBS4 and CEP290). In addition to PLK4, PCM1 is also a CDK1 and 
PLK1 substrate (Hori et al., 2016; Hori & Toda, 2017). Based on these findings, one may 
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speculate that CDK1 and PLK1 driven phosphorylation at early M-phase may mediate 
CS disassembly, while PLK4 phosphorylation during G1 phase promotes CS assembly. 
This is also in line with previous findings that PLK4 is the master regulator of 
centrosome duplication during interphase, while CDK1 peaks in early mitosis (Hori & 
Toda, 2017).  
Centriolar satellites are considered to be an essential accessory domain of the 
centrosome, but their role in centrosome-free meiotic cells is not characterised.  Part of 
this thesis aims to describe the localisation of some of these CS components in mouse 
and human oocytes and investigate the role of the main CS scaffold protein, PCM1 
(Chapter 3: Results Part I).  
1.5.4.2 Acentriolar MTOCs during meiosis 
The centrosome is considered to be the main MTOC in animal cells, but oocytes of many 
animal species eliminate their centrioles and form MTOCs in their absence; these are 
referred to as acentriolar MTOCs (aMTOCs) (Figure 1.10). In mouse oocytes, centrioles 
are lost early during oogenesis and centrioles are no longer detectable after pachytene 
stage (Manandhar et al., 2005; Szollosi et al., 1972).   
Centriole elimination is a poorly understood process and our current knowledge of the 
different steps is based on fly (Drosophila) oocytes (Mogessie et al., 2018; Pimenta-
Marques et al., 2016). During the initial stages, the centriolar aggregates lose their 
pericentriolar material and their ability to nucleate microtubules. Prior to meiotic 
resumption, the centriolar proteins disperse into the cytoplasm and can no longer be 
detected. It appears that the timing of centriole elimination differs between different 
species. While centrioles can only be detected in mammalian and insect oocytes until the 
pachytene stage, starfish and crayfish oocytes degrade them only during meiosis I 
(Longo & Anderson, 1969; Ruthmann, 1959; Sluder et al., 1989).  
Although why centriole elimination is evolutionarily favoured in female gametes  is not 
fully understood, a number of theories have been proposed for its significance 
(Manandhar et al., 2005; Mogessie et al., 2018). In species where the sperm brings a pair 
of centrioles during fertilization (sheep (Crozet, 1990), bull (Sutovsky et al., 1996), 
rhesus monkey and human (Sathananthan et al., 1996; Zamboni & Stefanini, 1971)), it is 
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thought that the male centrioles organise the maternal centrosomal proteins into a 
functional centrosome, which ensures balanced centrosome numbers (Manandhar et al., 
2005). In the special case of rodents however, the sperm does not contribute a pair of 
centrioles upon fertilisation and the embryos rely on de novo centrosome formation from 
the maternal pool of centrosomal proteins, which happens gradually as the embryos reach 
the blastocyst stage (Clift & Schuh, 2013; Courtois et al., 2012). It has also been 
suggested that the absence of centrosome nucleated astral microtubules is important for 
the asymmetric positioning of spindles to facilitate extrusion of a small polar body in the 
oocyte, as well as to avoid problems with centriole numbers due to lack of S phase 
between the two subsequent meiotic division during oocyte maturation (Figure 1.2) 
(Manandhar et al., 2005; Mogessie et al., 2018). In fact, in the absence of centrosomes, 
microtubule fibres emanating from the spindle poles into the cytoplasm can be observed 
in mouse oocytes. However, the plus-ends are mostly incorporated into the barrel-shaped 
spindle and elongate to form astral-like microtubules towards the oocyte cortex to aid in 
spindle positioning (Schuh & Ellenberg, 2007).   
As a direct consequence of centriole elimination, oocytes adopted a unique, centriole free 
organisation of microtubules in the form of aMTOCs that have the ability to nucleate 
microtubules and organise the spindle microtubules into a bipolar structure (Figure 1.10). 
The mechanism by which aMTOCs can form bipolar spindles in the absence of the main 
PCM organisers, the centrioles, is an intriguing question. Transcriptomic, proteomic and 
immunofluorescence studies have established that oocytes contain a large number of 
centrosomal proteins (Evsikov & Evsikova, 2009; Łuksza et al., 2013; Schuh & 
Ellenberg, 2007; Su et al., 2004; S. Wang et al., 2010; Yan et al., 2013; Zhang et al., 
2009). In mouse oocytes, PCM core components, Pericentrin, γ-tubulin, CEP192 and 
CDK5RAP2 form small aMTOC foci that join during spindle formation to organise the 
two spindle poles (section 1.7, p56) (Dziugiel, 2015; Schuh & Ellenberg, 2007). On the 
other hand, no microtubule organisers have been detected in human oocytes to date 
(section 1.8, p60) (Holubcová et al., 2015; Mogessie et al., 2018). A number of studies 
have investigated the assembly, fragmentation and reorganisation of these aMTOCs to 
form the meiotic spindle; however, a large number of centrosomal proteins, including 
those forming the centriolar satellites and pericentriolar material have not been 
investigated in detail during meiosis. Therefore, my aim was to understand how some of 
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these centrosomal proteins that are found to be highly expressed in both mouse and 
human oocytes are organised and to investigate their roles in meiotic spindle assembly 
and maintenance (Chapter 3: Results Part I and Chapter 4: Results Part II).  
1.6 Spindle assembly pathways 
The microtubule cytoskeleton undergoes dramatic reorganisation during the cell cycle. 
Notably, as oocytes resume meiosis, the nuclear envelope disassembles and microtubule 
fibres are quickly assembled to form the dense spindle structure. 
In vitro, microtubule assembly can occur spontaneously above a critical threshold of αβ-
tubulin dimers (Wiese et al., 2006). However, under physiological conditions, 
microtubule nucleation is kinetically not favoured, and cells modulate microtubule 
assembly by recruiting nucleation factors to specific intracellular sites. Three main 
nucleation pathways are known to contribute to spindle assembly (Figure 1.14). These 
pathways associate with specific spindle components, namely MTOCs, chromosomes 
and pre-existing microtubules (Figure 1.14). 
Across all species studied, γ-tubulin is considered an essential microtubule nucleation 
factor that forms a multi-subunit γ-TuRC  thought to act as a microtubule template 
(Wiese et al., 2006).  γ-TuRC is formed of various gamma complex proteins (GCPs 2-6). 
γ-tubulin can also associate with GCP2 and GCP3 alone, to form a smaller complex, 
γTuSC (γ-tubulin small complex) (Raynaud-Messina & Merdes, 2007; Wiese et al., 
2006). Studies showed that the microtubule nucleation activity of γ-tubulin complexes 
has an essential role in spindle formation and structure across different species (Job et al., 
2003; Raynaud-Messina & Merdes, 2007). Apart from the main microtubule nucleation 
pathways, other spindle assembly factors (SAFs, e.g. TPX2 and HURP) and microtubule 
associated proteins (MAPs, e.g. TACC3-ch-TOG) all contribute to spindle assembly and 
regulation of microtubule dynamics (section 1.5.2, p28) (Prosser & Pelletier, 2017). 
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Figure 1.14 Main microtubule nucleation pathways.  
(A) MTOC-dependent microtubule (MT) nucleation pathway in the centrosomal mitotic 
cells and acentrosomal mouse oocytes. (B) Chromosome pathways activated at 
kinetochores (CPC pathway) and chromatin (RanGTP pathway). (C) Augmin pathway, 
mediate low-angle, branched microtubule nucleation on the sides of pre-existing 
microtubules. Modified from (Bennabi et al., 2016) 
 
1.6.1 MTOC-dependent microtubule nucleation pathway 
MTOCs are considered to be the dominant pathway for microtubule nucleation. 
Recruitment of γ-TuRCs to PCM of MTOCs is well characterised  and a number of 
adaptor proteins that are thought to anchor γ-TuRCs at these sites have been identified 
(e.g. AKAP9, Pericentrin, NEDD1 and CDK5RAP2) (Petry & Vale, 2015). 
The ‘search and capture’ model has been proposed for spindle assembly and attachment 
of chromosomes (Heald & Khodjakov, 2015). According to this model, the plus-end 
microtubule fibres emanating from the MTOCs probe (‘search’) the cytoplasm until it 
finds a kinetochore (‘capture’) on the chromosome (Figure 1.14.A). The kinetochore-
microtubule attachment is then stabilised and forms the K-fibre. Once the kinetochores 
are captured from the opposite poles, the pulling forces are balanced, and the 
chromosomes are aligned on the metaphase plate at spindle equator (Figure 1.9). 
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1.6.2 Chromosome nucleation pathways 
Several studies have demonstrated that following removal of MTOCs, microtubules can 
still nucleate and form a bipolar spindle, suggesting that other, centrosome-independent 
nucleation pathways are active (Khodjakov et al., 2000; Mahoney et al., 2006). Assembly 
of spindle-like structures around DNA coated beads in centrosome-free frog egg extracts 
demonstrated the presence of a chromatin mediated nucleation pathway for the first time 
(Heald et al., 1996). Since its discovery, two distinct chromosome nucleation pathways 
have been described, namely RanGTP-dependent and chromosomal passenger complex 
(CPC)-dependent pathways (Figure 1.14.B).  
RanGTP-dependent pathway 
The small GTPase Ran is activated by a guanine nucleotide exchange factor, RCC1 that 
is localised on chromatin (Ohtsubo et al., 1989). Activated RanGTP diffuses away from 
the chromosomes, creating a gradient that locally activates various spindle assembly 
factors (SAFs) that mediate microtubule assembly (Figure 1.14.B). A number of SAFs 
that contain nuclear localisation signal (NLS) are blocked by importins. Activated 
RanGTP dissociates the importin bound complex that in turn releases the SAF to 
promote spindle assembly (Kalab & Heald, 2008; Kaláb et al., 2006). One important 
SAF regulated by RanGTP is TPX2 (Gruss & Vernos, 2004). TPX2 plays an important 
role in promoting early microtubule assembly around chromosomes.   
The role of Ran-mediated microtubule nucleation is conserved from yeast to mammalian 
oocytes (Askjaer et al., 2002; Cesario & McKim, 2011; Dumont et al., 2007; Fleig et al., 
2000). In particular,  RanGTP was shown to have an essential role in spindle assembly in 
human oocytes where no prominent MTOCs are detected (section 1.8, p60) (Holubcová 
et al., 2015; Mogessie et al., 2018). On the other hand, experiments in mouse oocytes, 
where aMTOCs are present indicate that RanGTP inhibition does not block spindle 
assembly completely (Bury et al., 2017; Dumont et al., 2007; Schuh & Ellenberg, 2007). 
This suggests that the RanGTP pathway only partially contributes to spindle assembly in 
the presence of MTOCs.   
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CPC-dependent pathway 
The CPC-dependent microtubule nucleation pathway is often referred to as the 
kinetochore pathway, due to its localisation at the inner centromeres. The CPC complex 
is composed of  INCENP, Survivin, Borealin and Aurora B kinase (Figure 1.14.B) 
(Sampath et al., 2004). In vitro experiments using frog egg extracts demonstrated that in 
the absence of MTOCs and RanGTP, CPC coated beads can promote microtubule 
assembly and form spindle-like structures (Kelly et al., 2007; Maresca et al., 2009). It has 
an essential role in activating the spindle assembly checkpoint and amendment of 
incorrect kinetochore-microtubule attachments (Trivedi & Stukenberg, 2016). 
1.6.3 Microtubule-dependent microtubule nucleation pathway 
Microtubule-dependent microtubule nucleation is essential to form and maintain the 
highly dynamic spindle microtubules (Goshima & Kimura, 2010). This autocatalytic 
mechanism leads to microtubule amplification and is responsible for producing a dense 
array of spindle microtubules with varying length between interpolar microtubule fibers. 
This mechanism supplements the other microtubule nucleation pathways and contributes 
to spindle assembly, chromosome alignment and spindle stability.  
The Augmin-complex identified in the fly S2 cell line via large-scale RNA interference 
screens and quantitative image analysis, was the first pathway to demonstrate an 
autocatalytic model dependent on pre-existing microtubules (Goshima et al., 2008, 2007; 
Kamasaki et al., 2013). However, more recently a novel form of oocyte specific 
microtubule-dependent microtubule nucleation pathway was reported in fly oocytes that 
is uniquely driven by a kinesin motor protein, kinesin-6, Subito/MKlp2 (Das et al., 2018, 
2016; Radford et al., 2017; Romé & Ohkura, 2018). It is proposed that these two 
microtubule-dependent microtubule nucleation pathways (Augmin- and Subito/MKlp2-
dependent pathways) act complementary by recruiting γ-TuRCs to spindle microtubules 
(Romé & Ohkura, 2018). 
Augmin-dependent pathway 
The Augmin protein complex, made up of eight subunits (HAUS 1-8) mediates 
nucleation of branched microtubules (Goshima et al., 2008; Kamasaki et al., 2013). Via 
direct interaction with the γ-TuRC component NEDD1, Augmin complexes recruit γ-
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TuRCs to the lateral aspect of spindle microtubules and supplement the other nucleation 
pathways (Figure 1.14.C) (Hayward et al., 2014). Apart from its important role in bipolar 
spindle assembly (Colombié et al., 2013; Wainman et al., 2009), Augmin was also shown 
to have an essential role in central spindle assembly during anaphase (Uehara & 
Goshima, 2010; Uehara et al., 2009).  
Subito/MKlp2 -dependent pathway 
Subito/MKlp2 belongs to the plus-end directed kinesin-6 family of motor proteins with 
microtubule bundling activity that localises to the central spindle (Neef et al., 2003). It is 
known to have an essential role in forming the central spindle and required to maintain a 
robust bipolar structure during meiosis (Giunta et al., 2002; Jang et al., 2005). In a recent 
study carried out in out in fly oocytes, Subito was shown to mediate a novel microtubule 
nucleation pathway specific to oocytes, via its interaction with Grip71/NEDD1 to recruit 
γ-TuRC to the central spindle (Romé & Ohkura, 2018). This nucleation capacity of 
Subito was also shown in vitro, where the Subito/Grip71 complex could nucleate 
microtubules from αβ-tubulin subunits (Romé & Ohkura, 2018). Microtubule nucleation 
activity was shown to be regulated via the N-terminal domain, by reducing its efficiency 
to bind γ-TuRC and restrict its activity to the vicinity of the chromosomes (Das et al., 
2018; Romé & Ohkura, 2018).   
The authors propose a model that is unique to oocytes, where the Augmin-pathway at the 
spindle poles and the Subito-pathway at the central spindle recruit γ-TuRCs to 
microtubules and complement each other to form a highly dense and stable bipolar 
spindle. All components identified in fly oocytes are widely conserved (Laurence; Haren 
et al., 2006; Jang et al., 2005; Kollman et al., 2011) and suggest that this Subito-driven 
novel nucleation pathway may function in oocytes of other species to assemble a robust 
acentrosomal spindle.   
1.7 Acentrosomal spindle assembly in mouse oocytes 
Mouse oocytes are one of the best studied models for the assembly and function of 
aMTOCs as well as meiotic spindle assembly. Since the first study that paved the way for 
high resolution live imaging in oocytes over a decade ago (Schuh & Ellenberg, 2007), we 
now have a more detailed understanding of the mechanistic of aMTOC formation and its 
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role in spindle assembly as well as the processes that govern mouse oocyte maturation 
(Figure 1.15). 
Pericentriolar material components, such as γ-tubulin, Pericentrin, CEP192, and the γ-
TuRC adaptor protein NEDD1 are known to associate with the aMTOC foci (Clift & 
Schuh, 2015; Łuksza et al., 2013; Ma et al., 2010; Ma & Viveiros, 2014; Schuh & 
Ellenberg, 2007). Both immunofluorescence and live cell imaging studies of mouse 
oocytes suggest that aMTOCs contribute to meiotic spindle assembly (Maro et al., 1985; 
Schuh & Ellenberg, 2007; Van Blerkom, 1991). Unlike mitotic cells, where the 
duplicated centrosomes (during S phase) are the two dominant sites of microtubule 
nucleation forming and stabilising the bipolar spindle structure, mouse oocytes form 
multiple aMTOCs de novo via remodelling the interphase-like microtubule network 
(Schuh & Ellenberg, 2007). These aMTOCs start microtubule nucleation following exit 
from prophase arrest both at cytoplasmic sites and around the nuclear envelope (Figure 
1.15) (Schuh & Ellenberg, 2007). Their capacity to nucleate microtubules was shown to 
be comparable to that of centrosomes (Schuh & Ellenberg, 2007), supporting the idea 
that centrioles are structural pillars of the centrosome and the PCM is responsible for  
nucleation capacity.  
A stable bipolar spindle is formed within three-to-four hours after NEBD, while 
chromosome biorientation and formation of a stable metaphase plate is only established 
towards the end of meiosis I (Brunet et al., 1999; Kitajima et al., 2011). 
In mouse oocytes, bipolar spindle formation is driven by two rounds of aMTOC 
fragmentation, which allows the redistribution of smaller aMTOC foci, followed by 
clustering of multiple aMTOCs to form the two main spindle poles (Figure 1.15) (Clift & 
Schuh, 2015; Łuksza et al., 2013; Schuh & Ellenberg, 2007). Prior to NEBD, PLK1 
decondenses aMTOCs (increase in volume and decrease in density) and the dissociation 
of C-Nap1 from aMTOCs marks the onset of the first round of aMTOC fragmentation 
(Clift & Schuh, 2015). In fact, this mechanism is remarkably similar to that adapted by 
mitotic cells, where C-Nap1 was found to act as the main centrosomal linker protein 
(Figure 1.11) and as the cell enters mitosis , PLK1 activity dissociates  C-Nap1  and the 
centrosomes begin to separate and form opposite spindle poles (Mardin et al., 2011; 
Mardin & Schiebel, 2012). The first phase of aMTOC fragmentation is driven by the 
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minus-end motor protein dynein (section 1.5.2.6, p35). Dynein is recruited to the nuclear 
envelope via its adaptor protein, BicD2 (section 1.5.2.6, Table 1.1),  where it is 
responsible for stretching and fragmenting aMTOCs (Clift & Schuh, 2015; Łuksza et al., 
2013). Following NEBD, the motor protein KIF11 (Eg5) further fragments aMTOCs 
(Figure 1.15) (Clift & Schuh, 2015). While the first phase of aMTOC fragmentation does 
not seem to be essential for bipolarisation, inhibition of the second phase results in severe 
bipolar spindle defects, with assembly of transient monopolar spindles (Clift & Schuh, 
2015). 
The sudden increase in microtubule number following NEBD was found to be dependent 
on RanGTP activity (Schuh & Ellenberg, 2007). As a result, a multipolar microtubule 
ball is formed, on the surface of which the chromosomes are individualised (Schuh & 
Ellenberg, 2007).  Driven by the motor activity of KIF11 that slides antiparallel 
microtubules apart (section 1.5.2.4, p32), the spindle elongates into a bipolar structure 
and the aMTOCs are redistributed to the two poles. This aMTOC sorting involves HURP 
activities (Balboula et al., 2016; Breuer et al., 2010). HURP is a microtubule associated 
protein that is responsible for K-fibre stabilisation (Koffa et al., 2006; Silljé et al., 2006). 
During meiosis, the Ran-effector HURP is not only essential for aMTOC sorting but also 
for the formation of central microtubules around the chromosomes (Breuer et al., 2010). 
Once at the spindle poles, aMTOCs merge to form a characteristic ring-like or flattened 
cluster of aMTOCs (Clift & Schuh, 2015; Mogessie et al., 2018; Schuh & Ellenberg, 
2007). The merging of aMTOC foci along with the activity of the minus-end anchor 
protein NuMA and dynein (section 1.5.2, p28) stabilises the two spindle poles to form 
the characteristic barrel shape (Figure 1.15) (Merdes et al., 1996). 
The cytoskeleton component actin (F-actin) has been implicated in a number of oocyte 
related functions, including cytoplasmic vesicle transport, positioning of the spindle and 
cytokinesis (Azoury et al., 2008, 2009; Sybille Pfender et al., 2011; Schuh & Ellenberg, 
2008). In a recent study, prominent actin filaments were shown to infiltrate the entire 
meiotic spindle (spindle actin) in mammalian oocytes (mouse, pig, sheep and human) 
(Mogessie & Schuh, 2017). In terms of morphology, these actin filaments look very 
similar to the microtubule spindle and becomes prominent at late MI. Functional studies 
combined with live cell imaging revealed that the actin spindle is important for K-fibre 
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integrity, and when depolymerised, causes chromosome segregation defects in both MI 
and MII divisions.   
 
Figure 1.15 Schematic representation of acentriolar spindle assembly and 
bipolarisation in mouse oocytes.   
At prophase, following resumption of meiosis, acentriolar microtubule organising centres 
(aMTOCs) converge around the nuclear envelope and start nucleating microtubule asters. 
aMTOCs associated with the nuclear envelope are stretched and fragmented via the 
BicD2-dynein complex. Following nuclear envelope breakdown (NEBD), a microtubule 
ball forms, the surface of which is decorated with the chromosomes. The aMTOCs are 
further fragmented and redistributed to the two poles by KIF11 motor activity, during 
spindle bipolarisation, while the chromosomes for the prometaphase belt. As the 
aMTOCs at the two poles coalesce, the bipolar spindle is stabilised and chromosomes are 
aligned on the metaphase plate, mediated by the microtubule-associated proteins nuclear 
mitotic apparatus (NuMA) and hepatoma-upregulated protein (HURP) (Mogessie et al., 
2018). 
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1.8 MTOC free spindle assembly in human oocytes 
The study of meiosis in human oocytes has lagged behind compared to all other animal 
models due to the low availability of human samples and the lack of microscopy assays 
(Mogessie et al., 2018). While animal models have proven to be powerful tools to 
understand the principles and mechanisms that govern meiosis, it is known that meiotic 
errors are more frequently observed in human oocytes than in any other cell types studied 
(e.g. mitotic and sperm cells) (Kolano et al., 2012; Nagaoka et al., 2012; Webster & 
Schuh, 2016). Aneuploidy in human eggs as a result of meiotic defects is one of the 
leading causes of pregnancy loss and congenital defects such as Down Syndrome 
(Nagaoka et al., 2012; Webster & Schuh, 2016). Therefore, the detailed investigation of 
meiosis in human oocytes directly is of immense benefit to human fertility. 
Until recently, our understanding of human oocyte maturation mostly came from 
snapshot immunofluorescence observations. Advances in live-cell imaging enabled the 
detailed study of spindle assembly and chromosome segregation in live human oocytes 
(Holubcová et al., 2015). Overall, human oocyte maturation takes much longer (bipolar 
MII spindle formation from NEBD: 23.0 ± 3.2 h) (Holubcová et al., 2015) compared to 
mouse oocytes (bipolar MII spindle formation from NEBD: ~11 h) for instance. 
Following NEBD, microtubule nucleation is delayed for several hours (onset of 
microtubule nucleation from NEBD: 4.7 ± 1.4 h) (Holubcová et al., 2015). Microtubules 
begin to assemble within chromosomal aggregates and at distinct sites around 
kinetochores. Human oocytes also express a large number of centrosomal proteins (Yan 
et al., 2013; Zhang et al., 2009), but no prominent MTOC or PCM foci have been 
observed. This finding suggested that human oocytes rely completely on microtubule 
nucleation mechanisms that are independent of MTOCs. Indeed, functional studies 
revealed that inhibiting the RanGTP pathway prevented oocytes from assembling meiotic 
spindles (Holubcová et al., 2015). One striking observation from live cell imaging was 
that these small, MTOC free spindles that showed broad spindle poles and small overall 
volume (Figure 1.10) are highly unstable and frequently form multipolar intermediates. 
This spindle instability was directly linked to error-prone kinetochore-microtubule 
attachments, leading to lagging chromosomes during anaphase (Holubcová et al., 2015).  
Considering the importance of oocyte maturation for human fertility, more information is 
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required to understand the error-prone nature of the human spindle apparatus. It is also 
evident that the mouse model is not directly comparable both in spindle morphology and 
spindle assembly mechanism, and therefore direct studies in human oocytes is essential 
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1.9 Objectives 
The mechanism of spindle microtubule assembly and its function is of fundamental 
importance for the inheritance of genetic material. In the context of oocytes, the correct 
segregation of chromosomes represents an essential point for reproduction.  
Microtubule organising centres (MTOCs) are key co-ordinators and regulators of spindle 
microtubules. Animal cells contain centrosomes, the main microtubule organising centres 
(MTOCs) that define the focused spindle poles during mitosis. Though centrosomes are 
highly efficient microtubule nucleation platforms and have a key role in the organisation 
of the mitotic spindle poles, they are dispensable for bipolar spindle assembly (Chavali et 
al., 2015; Hinchcliffe et al., 2001; Khodjakov et al., 2000). Mouse oocytes eliminate their 
centrioles early on during oogenesis (Manandhar et al., 2005) and form acentriolar 
MTOCs (aMTOCs) de novo that contain main pericentriolar proteins (Calarco, 2000; 
Carabatsos et al., 2000; Schuh & Ellenberg, 2007). Mouse oocyte spindles are barrel-
shaped, with a distinctly different spindle pole morphology compared to the focused 
mitotic spindles, suggesting that these cells adopted different mechanism(s) for spindle 
assembly and pole focusing (Bennabi et al., 2016). Interestingly, a large number of 
centrosomal proteins are highly expressed throughout oocyte maturation (Pfeiffer et al., 
2011; Virant-Klun et al., 2013; S. Wang et al., 2010; Yan et al., 2013; Zeng et al., 2004). 
We already have a good understanding of how some of the core PCM proteins self-
organise into acentriolar MTOC (aMTOC) foci in mouse oocytes (Clift & Schuh, 2015; 
Łuksza et al., 2013; Schuh & Ellenberg, 2007). However, we still do not have a full 
understanding of how such centrosome free spindles are organised and function.  
Another interesting question comes from spindle assembly mechanisms where all 
prominent MTOCs are absent, such as in human oocytes (Holubcová et al., 2015). We 
only recently gained a detailed insight into the assembly and dynamics of these spindles 
that are known to be highly prone to meiotic errors (Webster & Schuh, 2016). Notably, 
human oocyte spindles have a prolonged assembly period with a high frequency of 
spindle instability (Holubcová et al., 2015). These highly unstable spindles were found to 
correlate with an increased frequency of lagging chromosomes. This was a rather 
interesting finding as both mitotic spindles and aMTOC organised meiotic spindles do 
not show such intrinsic instability and can form robust, bipolar spindle structures. These 
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cells also show a much lower incidence of segregation errors, compared to human 
oocytes (Nagaoka et al., 2012; Pacchierotti et al., 2007; Templado et al., 2011). 
However, mitotic cells devoid of centrosomes could form bipolar spindles, although their 
assembly period was delayed and resulted in a high rate of chromosomal instability 
(Chavali et al., 2015; Sir et al., 2013). 
Based on the above points, we hypothesised that centrosomal proteins could also have 
important roles during meiosis. Considering the vast number of proteins required for 
centrosome assembly and function, there is very little knowledge about how the different 
centrosomal components and appendages may contribute to spindle assembly and 
function during meiosis. It is possible that in the absence of centrioles that define the 
centrosome structure, these proteins adopted additional mechanism(s) and arrangements 
that are unique to meiotic cells. Perhaps some specialised mechanism(s) exist uniquely in 
mouse oocytes that can achieve a much more stable bipolar structure, compared to the 
unstable spindle structure of human oocytes.  
The overarching goal of my PhD was to characterise centrosomal proteins in the 
acentrosomal mouse spindle. Following the discovery of a unique, spindle domain in 
mouse oocytes, initially thought to form by centriolar satellite proteins, my main focus 
was to characterise the localisation, function and dynamics of this domain during 
meiosis. This work was initially narrowed down to the main centriolar satellite scaffold 
protein, PCM1 (Chapter 3: Results Part I) and later extended via a collaboration to other 
centrosomal proteins that we later on found to localise to this domain (Chapter 4: Results 
Part II). My second aim was to characterise centrosomal protein localisation in human 
oocytes directly and address our previous findings that showed the high instability of 
these spindles (Chapter 4: Results Part II). As human oocytes are highly sensitive to laser 
light and require much longer imaging intervals to capture their long maturation period, I 
also had a side project that focused on establishing light-sheet microscopy for the 
imaging of live human oocytes at our satellite lab at Bourn Hall Clinic (Chapter 5: 
Results Part III).   
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 MATERIALS AND METHODS 
2.1 Oocyte preparation and culturing 
2.1.1 Mouse oocytes and follicles 
According to the guidelines of the UK Home Office regulations and the animal facility of 
Max Planck Institute for Biophysical Chemistry, mice were bred and maintained in a 
pathogen-free environment. During this study the mouse strains used were either hybrid 
(C57BL x CBA) F1 for follicle culture or inbred FVB for fully grown oocytes.  
2.1.1.1 Isolation of oocytes from FVB mice 
Isolation of ovaries was performed from 8-12-week-old FVB mice. Ovaries were 
collected and punctured in 250 µM dibutyryl cyclic AMP (dbcAMP) (Sigma-Aldrich) 
containing (phenol red-free) M2 medium (homemade). This medium was also used to 
maintain fully-grown oocytes (~75 µm in diameter) in prophase arrest under paraffin oil 
(ACROS Organics) at 37oC. 
2.1.1.2 Isolation of follicle-enclosed oocytes from F1 mice 
Follicles were isolated as previously described (S Pfender et al., 2015) from 10- to 12-
day-old female (C57BL x CBA) F1 mice. GlutaMax (Gibco) supplemented MEM-alpha 
medium with 5% foetal bovine serum (FBS; Gibco), 1× insulin/transferrin/sodium 
selenite (ITS; Sigma-Aldrich), 0.01 µg/ml ovine follicle stimulating hormone (FSH; 
National Hormone and Peptide Program) and 0.1× penicillin G/streptomycin (Gibco) was 
used to culture follicles (~100 µm in diameter) on inserts coated with collagen (Corning) 
at 37oC and 5% CO2 in a humidified incubator. In vitro grown oocytes were matured in 
M2 medium with 10% FBS instead of 4 mg/ml BSA for 10-12 hours. 1 ml of medium 
was replenished after 4-5 days of culture.  
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2.1.2 Human oocytes 
The use of unfertilised human oocytes has been approved by the UK National Research 
Ethics Service under the REC reference 11/EE/0346 (IRAS Project ID 84952). Oocytes 
were donated for research by patients who were undergoing assisted reproduction 
treatment in Bourn Hall Clinic, Cambridge, United Kingdom between January 2017 and 
May 2018. 66 oocytes from 38 women between the ages of 23 and 45 years old, who 
were undergoing ovarian stimulation for intracytoplasmic sperm injection (ICSI), took 
part in this study. The cause of infertility for these patients were due to male factor 
infertility, endometriosis, polycystic ovaries or polycystic ovarian syndrome, absence of 
a male partner, fallopian tube damage, idiopathic infertility or the combination of the 
above factors. All patients gave informed consent for the use of their oocytes and this 
study used only oocytes that did not mature fast enough and were thus not suitable for 
ICSI and in-vitro fertilization. Oocyte collection and culture was done as previously 
described (Holubcová et al., 2015). After retrieval of oocytes, samples were collected 
within 3-5 hours in G-MOPS medium (Vitrolife) supplemented with 10 % FBS (Gibco) 
and incubated under paraffin oil at 37o C. The development of the oocytes was monitored 
using a Primo Vision EVO+ time-lapse camera (Vitrolife), which was installed inside the 
incubator. Oocytes at the MI stage were fixed at 15 hours post NEBD. This study used 
only oocytes that matured normally and had NEBD within 24 hours after retrieval and 
that displayed no morphological abnormalities. Frozen-thawed oocytes were only used 
for the initial Light-sheet optimisation.  
2.1.3 Microinjections 
Oocytes were microinjected as previously described (Jaffe & Terasaki, 2004; Schuh & 
Ellenberg, 2007) with 7pl of mRNA in mouse oocytes and 10-11pl mRNA in human 
oocytes (1-2 μg/μl mRNA). Follicle-enclosed mouse oocytes were microinjected with 6 
pl of 2 µM siRNA in culture medium supplemented with HEPES (Sigma), as previously 
described (S Pfender et al., 2015). The fully-grown mouse oocytes were loaded into the 
injection chamber via a glass capillary, between two pieces of cover slips spaced by a 
single layer of double-sided tape. Both human oocytes and follicle-enclosed mouse 
oocytes were loaded in microinjection chamber prepared with two double stick tapes as 
spacer.  
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Mouse oocytes microinjected with mRNA were cultured at 37°C for 3–4 hours in M2 
medium or M2 supplemented with 10% FBS (instead of BSA; in vitro grown oocytes 
from follicles) containing dbcAMP to allow efficient translation of the injected mRNA 
before resumption of meiosis. Prior to live cell imaging, mouse oocytes were washed in 6 
x 20 μl of dbcAMP-free M2 medium. RanGTP inhibition in mouse oocytes were done by 
microinjection of reporter mRNAs first and following 3 hours of expression, second 
microinjection with 12 pl of 2 mg/ml His-RanT24N mutant protein (Cytoskeleton) with 1 
mM DTT before oocytes were released into dbcAMP-free medium for imaging. 
Human oocyte microinjections were performed in GMOPS supplemented with 10% FBS 
at 37°C in a custom designed environmental chamber (Digital Pixel, Biomedical Imaging 
& Microscopy) for Zeiss A1 inverted microscope, fitted with a microprocessor 
temperature controller (DP_MTC_2000), two vibration free heater modules 
(DP_150_VF) and P100 temperature sensor (DP_P100_TS).  
2.1.4 Immunofluorescence 
Mouse and human MI spindles were imaged after the respective oocytes have been 
incubated at 37oC for approximately 6-7 and 15 hours after NEBD, respectively. Prior to 
imaging, oocytes were fixed in 100 mM HEPES (pH 7.0, titrated with KOH), 50 mM 
EGTA (pH 7.0, titrated with KOH), 10 mM MgSO4, 2% methanol-free formaldehyde 
and 0.5% triton X-100 at 37oC for 30 min (mouse oocytes) or 60 min (human oocytes). 
Phosphate-buffered saline (PBS) supplemented with 0.5% triton X-100 (PBST) was used 
to extract fixed oocytes overnight at 4oC. The samples were incubated in PBST 
supplemented with 3% BSA as a blocking agent overnight at 4oC. Primary antibodies 
were added and the samples were incubated overnight at 4oC (Table 2.1). Secondary 
antibodies were added after several washing steps with PBST at a final concentration of 
20 μg/ml (1:400) and the samples incubated overnight for 2 hours at room temperature. 
Secondary antibodies were purchased from Molecular Probes and were Alexa Flour 405-, 
488-, 568- or 647-conjugated anti-human IgG, goat IgG, mouse IgG, mouse IgM, rabbit 
IgG, rat IgG or sheep IgG. DNA staining was performed with Hoechst 33342 (Molecular 
Probes, 1:1000). 
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Table 2.1 Primary antibodies used. 
Antibody name Identifier Reference/Origin/Supplier 
rabbit anti-AKAP450 NBP1-89167 Novus Biological 
rat anti-α-tubulin MCA78G Bio-Rad 
mouse anti-γ-tubulin T6557 Sigma-Aldrich 
mouse anti-AURA NBP2-50041 Novus Biological 
rabbit anti-CDK5RAP2 ABE236 Merck Millipore 
rabbit anti-CEP120 PA5-55985 Thermo Fisher Scientific 
rabbit anti-CEP135 ab75005 Abcam 
rabbit anti-CEP152 ab183911 Abcam 
rabbit anti-CEP192 18832-1-AP Proteintech 
mouse anti-CLTC (clathrin) 610500 BD Biosciences 




Thermo Fisher Scientific 
rabbit anti-HOOK3 NBP2-44279 Novus Biological 
rabbit anti-KIZ 21177-1-AP Proteintech 
mouse anti-LIS1 H00005048-M03 Abnova 
goat anti-MYO10 sc-23137 Santa Cruz Biotechnology 
rabbit anti-NDE1 10233-1-AP Proteintech 
rabbit anti-NDEL1 H00081565-D01P Abnova 
mouse anti-NEDD1 H00121441-M05 Abnova 
goat anti-DCTN1 AF5720-SP R&D Systems 
mouse anti-p150 612708 BD Bioscience 
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rabbit anti-PCM1 HPA023374 Sigma-Aldrich 
rabbit anti-PCM1 (Dammermann & Merdes, 2002) 
mouse anti-pericentrin 611814 BD Biosciences 
mouse anti-PLK1 ab17056 Abcam 
goat anti-PLK4 NB100-894 Novus Biological 
mouse anti-TACC3 H00010460-M02 Abnoa 
rabbit anti-TACC3 ab134154 Abcam 
mouse anti-TOP2A MAB4197 Merck Millipore 
rabbit anti-TPX2 NB500-170 Novus Biological 
2.1.4.1 Phalloidin staining 
Oocytes were fixed as described above (section 2.1.4). Following overnight extraction, 
F-actin was stained via Alexa Fluor 488 phalloidin (Molecular Probes; 0.33 mM /10 
units/ml) in PBS, 0.1% Triton X-100, and 3% BSA for 2 hours at room temperature. 
Phalloidin staining was done as a separate step and was not mixed with other primary or 
secondary antibodies. 
2.1.5 Drug treatment and washout 
Drugs were purchased from Sigma-Aldrich as 1000x stocks in DMSO. Microtubule 
depolimerization experiments in mouse oocytes were performed with 1 or 10 µM 
Nocodazole in M2 medium or 10 µM colchemid in G-MOPS medium supplemented with 
10% FBS. For Nocodazole regrowth experiments, oocytes were matured to the MI stage 
and washed with 10 µM Nocodazole containing M2 medium for 45-60 minutes, 
microtubule regrowth was initiated through the washout in Nocodazole-free M2 medium. 
Oocytes were fixed at specific time points following washout to assess microtubule 
regrowth in the different experimental groups. For F-actin depolymerisation, oocytes 
were treated with cytochalasin D (Calbiochem) at a final concentration of 5 mg/ml.  
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(Aurora A, PLK1 and PLK4 were inhibited with 500 nM MLN8237 (Selleckchem), 100 
nM BI2536 (Selleckchem) and 5 µM centrinone (Tocris Bioscience), respectively. (Only 
relevant to additional experiments done by Chun So, as mentioned in the discussion). 
2.1.6 Trim-Away in mouse and human oocytes 
The antibodies used for Trim-Away were all tested for specificity using 
immunofluorescence imaging first (Table 2.2). Antibodies for microinjections were 
washed and concentrated as described previously (Clift et al., 2017). In brief, antibody is 
diluted in PBS to 450 µl final volume and loaded into the Amicon Ultra-0.5 100 KDa 
centrifugal filter devices (Millipore). Antibody is washed three more times in PBS in the 
Amicon Ultra-0.5 device and the final concentrated antibody is aliquoted in 2µl and snap 
frozen (stored at -80°C). 
Trim-Away was performed in mouse GV oocytes by microinjecting 7 pl of mRNA 
(mouse Trim21 and other fluorescent reporters, Table 2.3) and 5-6 pl of antibody (Table 
2.2) according to previously published protocols (Clift et al., 2017). Following mRNA 
injection, oocytes were incubated for 3-4 hours to allow sufficient expression. Antibodies 
were injected at a needle concentration of 1 mg/ml containing 0.03% NP-40 (492016, 
Merck Millipore). After the antibody microinjection, samples were incubated for 1 hours 
to aid recovery and oocytes were then released into dbcAMP-free medium for subsequent 
imaging. Acute Trim-Away based depletion was performed by microinjection of 7 pl of 
mRNA (mouse Trim21 and other fluorescent reporters, Table 2.3) and oocytes were 
incubated for 3-4 hours to allow sufficient expression mRNA prior to release of oocytes 
in dbcAMP-free medium. After an incubation period of 6 hours to allow maturation of 
oocytes to the bipolar MI stage, oocytes were microinjected with 5-6 pl of antibody 
(Table 2.2) and imaged immediately.  
Trim-Away was performed in human GV oocytes by injecting 10-12 pl of recombinant 
His-Lipoyl-TRIM21  protein (Clift et al., 2017) at a needle concentration of 4.4 mg/ml. 
12 pl of antibody (Table 2.2) was subsequently injected at a needle concentration of 1.3 – 
1.8 mg/ml supplemented with 0.03% NP-40. The treated oocytes were incubated in 
GMOPS (supplemented with 10% FBP) medium for 3-4 hours and subsequently imaged 
live or allowed to mature to the MI stage (15h post NEBD) and fixed.  
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Table 2.2 Antibodies used for Trim-Away. 
Antibody name Identifier Reference/Origin/Supplier 
Polyclonal anti-PCM1 HPA023374 Sigma-Aldrich 
Monoclonal anti-Pericentrin 611815 BD Biosciences 
Monoclonal anti-TACC3 ab134154 Abcam 
Polyclonal Normal Rabbit IgG 12-370 Millipore 
Polyclonal Normal Mouse IgG 12-371 Millipore 
 
2.1.7 Cold-mediated microtubule depolymerization assay 
MI human (15h post NEBD) and mouse (7h post NEBD) oocytes were incubated for 6.5 
and 15 minutes on ice, respectively to induce the depolymerisation of cold sensitive non-
kinetochore microtubules. The samples were subsequently fixed and imaged by 
immunofluorescence. 
2.2 Molecular biology 
2.2.1 Expression constructs and mRNA synthesis 
Constructs used in this thesis are listed in Table 2.3. For expression in mouse oocytes the  
previously published coding sequences were first fused at either the C- or N- terminal 
with the desired fluorescence reporters mEGFP (pmEGFP-C1, pmEGFP-C3, pmEGFP-
N1, pmEGFP-N3, Clonetech), mClover3 (Bajar et al., 2016), mCherry (pmCherry-C1, 
pmCherry-N1, Clonetech (Shaner et al., 2004)), mScarlet (Bindels et al., 2017), or mPA-
GFP (Patterson & Lippincott-Schwartz, 2002) and were sub-cloned into pGEMHE 
(Liman et al., 1992). In vitro mRNA transcription was performed from linearized (AscI) 
pGEMHE plasmids or (NotI) (pCR3.1, Cep192) and the capped mRNA was synthesised 
using T7 polymerase (Ambion mMessage mMachine T7 kit) according to manufacturer’s 
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instructions. Concentration of the mRNA was measured using agarose gels by 
comparison with an RNA standard (Ambion).  
2.2.2 Short-interfering RNAs (siRNAs) 
The following mix of siRNAs (purchased from Quiagen) were used for the knockdown 
of Pericentrin:  
5’-TGGGATGTAATTGATATTATT-3’, 5’-CCGCCAGATTCTACTCAGAAA-3’ and 
5’-AAGGAGATCCATGCAAAGCAA-3’.   
Pcm1:  
5’-TTGATGTTCGCTACTACCATA-3’, 5’-AAGTAATAGTGTGAAGGACTA-3’ and 
5’- CAGTGGTCTTAGAACATGTTA -3.  
AllStars Negative Control (Qiagen) was used as a control. siRNA stocks were stored at -
80°C (6.6 μM) in 96-well plates closed with PCR adhesive foil or as working dilutions (2 
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Table 2.3 List of expression constructs 
Construct Reference/Origin 
mEGFP-AKAP450 (human) (Gillingham & Munro, 2000) 
Bbs4-mEGFP (mouse) (Berbari et al., 2008) 
CEP72-mEGFP (human) (Stowe et al., 2012) 
mEGFP-Cep290 (mouse) Addgene 27379  (Valente et al., 2006) 
mCherry-CEP192 (human) (Gomez-Ferreria et al., 2007) 
CETN2-mEGFP (human) (Wang et al., 2010) 
mEGFP-centrobin (rat) (Liska et al., 2009) 
mClover3-CHC17 (human) (Booth et al., 2011) 
CHTOG-mScarlet (human) (Nixon et al., 2015) 
mEGFP-CPAP (human) (Kohlmaier et al., 2009) 
H2B-miRFP (human) (Schuh & Ellenberg, 2007) 
H2B-mCherry (human) (Schuh & Ellenberg, 2007) 
mEGFP-Hook3 (mouse) (Ge et al., 2010) 
LRRC36-mEGFP (human) (Stowe et al., 2012) 
LRRC45-mEGFP (human) (He et al., 2013) 
mEGFP-MAP4-MTBD (mouse) (Mogessie & Schuh, 2017) 
mCherry-MAP4-MTBD (mouse) (Mogessie & Schuh, 2017) 
NEDD1-mCherry (human) (Laurence Haren et al., 2009) 
mEGFP-NEK2 (human) (Hames & Fry, 2002) 
mEGFP-PAR6α (human) Addgene 15472 (Kodani et al., 2010a) 
PCM1-mEGFP (chicken) (Dammermann & Merdes, 2002) 
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mEGFP-Pericentrin (human) (Lee & Rhee, 2011) 
mEGFP-PLK1 (human) (Clift & Schuh, 2015) 
mEGFP-rootletin (human) (Bahe et al., 2005) 
mEGFP-SAS6 (human) (van Breugel et al., 2011) 
TACC3-mClover3 (human) (Nixon et al., 2015) 
TACC3-mPA-GFP (human) (Nixon et al., 2015) 
mEGFP-TPX2 (human) (Ma et al., 2010) 
mouse Trim21 (Clift et al., 2017) 
TUBG-mEGFP (human) (Gerlich et al., 2001) 
EB3-3×mEGFP (human) J. Ellenberg, unpublished 
mPA-GFP-α-tubulin (mouse) J. Ellenberg, unpublished 
pCR3.1-mCherry-CEP192 (human) (Gomez-Ferreria et al., 2007) 
mEGFP-MAP4 (mouse) (Clift et al., 2017) 
mCherry-MAP4 (mouse) (Clift & Schuh, 2015) 
CEP250-mEGFP (human) (Clift & Schuh, 2015) 
2.2.3 Immunoblotting 
For immunoblotting, 30 mouse oocytes were used per gel lane. The oocytes were washed 
with and resuspended in BSA-free M2 medium. Oocytes were transferred into 0.65 ml 
centrifuge tubes (with attached caps; non-sterile) and pelleted by short pulses at 3000 
rpm. Medium volume was reduced to 1-2 µl. Added 1 × sample buffer (NuPage LDS 
Sample Buffer, Invitrogen) with NuPage antioxidant (Invitrogen) to samples and heated 
at 95 °C for 5 min with. The samples were resolved on 4 - 12% bis-tris NuPAGE gels 
(Thermo Fisher Scientific). Electrophoresis was conducted according to manufacturer’s 
instructions using NuPAGE MOPS SDS Running Buffer (Thermo Fisher Scientific). The 
proteins were transferred to 0.45 µm PVDF membranes using SDS-free Towbin buffer at 
200 mA for 2 hours on ice. The membranes were incubated with the respective 
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antibodies in tris-buffered saline (TBS) supplemented with 5% skim milk and 0.1% 
tween-20. Membranes were incubated with primary antibody at 4 °C overnight. The 
primary antibodies that were used for immunoblotting are listed in Table 2.4. After 
washing the membranes several times with PBST, secondary antibodies (1:10,000) were 
added and the membranes were incubated in for 2 hours at room temperature.  The 
secondary HRP-tagged antibodies are listed in Table 2.5. Membranes were washed five 
times in PBST and developed using ECL Prime or ECL Advanced (Amersham) and 
Kodak X-Ray films.  
 
Table 2.4 Primary antibodies used for immunoblotting 
Antibody name Identifier Reference/Origin/Supplier 
Mouse anti-Pericentrin 611815 BD Biosciences 
Rabbit anti-PCM1 HPA023374 Sigma-Aldrich 
Rat-α-tubulin MCA78G Bio-Rad 
 
Table 2.5 Secondary HRP-tagged antibodies used for immunoblotting 
Antibody name Identifier Reference/Origin/Supplier 
Anti-mouse P0447 Dako 
Anti-rabbit 31462 Invitrogen 
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2.3 Human oocyte vitrification and thawing 
2.3.1 Vitrification 
Human oocytes were vitrified at the MI or GV stage by the Embryology team at Bourn 
Hall Clinic, using the Kitazato® Vitrification Cryotop method.  
2.3.2 Thawing of Vitrified Oocytes 
Thawing of vitrified oocytes were done using the Kitazato® vitrification warming media 
(VT802-0, Hunter Scientific) with the Cryotop method (Figure 2.1). The protocol was 
provided by Bourn Hall Clinic (Revision 5.00, issued 30.06.2016). All Kitazato media 
was stored between 2ºC and 8ºC, out of sunlight. Preparation steps for thawing on 
vitrified oocyte(s) involves pre-warming of thawing solution (TS) at 37°C and dilution 
solution (DS) and washing solution (WS) at room temperature. Thawing dish was 
warmed up on 37°C heated insert. Vitrified oocyte(s) were moved into a small liquid 
nitrogen container. TS vial was expelled into the first well of the thawing dish and 
Cryotec top with the oocyte(s) were immediately plunged horizontally from the liquid 
nitrogen into the TS well and incubated for 1 min on heated stage (37°C). Oocyte(s) were 
aspirated into the stripper tip (RI EZ-Tip, 290 µm) and expelled into the DS. Incubated 
for 3 min at RT. Oocyte(s) were next aspirated from the DS and released into the first 
WS (WS1) and incubated for 5 min at RT. In the last step, oocyte(s) were washed in the 
second WS (WS2) by placing them on the top of the medium and allowing it to sink 
twice (1 min at heated stage, 37°C). In between manipulations the lid was put back on the 
dish. Oocytes were moved into GMOPS, supplemented with 10% FBS under paraffin oil 
and allowed to recover for 2 hours prior to mRNA injection and imaging. 
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Figure 2.1. Schematic showing warming of vitrified oocyte. 
Image shows the main steps of the warming protocol of vitrified human oocytes using the 
Kitazato® vitrification warming kit (based on protocol from Bourn Hall (Revision 5.00, 
issued 30.06.2016)). Step 1: oocyte is quickly plunged into the pre-warmed (37°C) 
thawing solution (TS) for 1 minute (min). Step2: oocyte is moved to the dilution solution 
(DS) for 3 min at room temperature (RT). Step 3: oocyte is moved to the 1st washing 
solution (WS1) for 5 min at RT. Step4: oocyte is moved to the 2nd washing solution 
(WS2) for 1 min at 37°C. Oocyte is then moved into the pre-warmed (37°C) culture 
medium under paraffin oil.  
 
2.4 Microscopy 
2.4.1 Confocal and super-resolution microscopy  
1 - 2 µl of M2 medium or PBS was used for confocal imaging of live or fixed mouse 
oocytes, respectively. Samples were covered with paraffin oil in a 35 mm glass-bottom 
dish (MatTek). Live cell images were acquired with Zeiss LSM710 microscope equipped 
with BiG (Binary GaASP) detectors and Zeiss LSM880 or Zeiss LSM800 microscopes 
using a 40x C-Apochromat 1.2 NA water-immersion objective and a Zeiss environmental 
incubator box. Immunofluorescence image acquisition was done with a 63x C-
Apochromat 1.2 NA oil immersion objective. Automatic 3D tracking was used for time-
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lapse imaging with a 5 - 15 min resolution using AutofocusScreen (Rabut & Ellenberg, 
2004) or MyPiC (Politi et al., 2018). The excitation wavelengths and the detection 
spectra used for each fluorophore are listed in Table 2.6. Control oocytes within the same 
experiment were always imaged under the same conditions and the same microscope as 
the experimental group. In most of the images, shot noise was reduced using a Gaussian 
filter. Super-resolution Airyscans were performed with the Airyscan module on LSM800 
and LSM880 confocal laser scanning microscopes (Zeiss) and subsequently processed in 
ZEN (Zeiss).  
 
Table 2.6 Imaging settings for fluorophores used in confocal and super-resolution 
microscopy. 
Fluorophore Excitation λ (nm) Detection λ (nm) 
mClover3 488 493 - 571 
mEGFP 488 493 – 571 
mScarlet 561 571 - 638 
mCherry 561 571 – 638 
miRFP 633 638 – 700 
2.4.2 Light-sheet microscopy 
A customized sample holder (section 5.2) constructed from Tantalum (Ta, TaW2.5, 
TaW10, whs sondermetalle, ThyssenKrupp Materials Schweiz) with various window 
sizes were prepared by the fine mechanical workshop at Max Planck Institute for 
Biophysical Chemistry for Biophysical Chemistry, Göttingen for the imaging of human 
oocytes in 5-25 µl G-MOPS medium supplemented with 10% FBS. The customized 
sample holder was sealed with silicone grease (85402-1EA from Sigma-Aldrich or 
11989387 from Fisher Scientific) and two 12.5 µm thick FEP films (DuPont Teflon FEP 
fluoroplastic film, FEP 50A, 12.5 um thickness, ordered from Lohmann Technologies 
UK Limited). Image acquisition was performed using the Lightsheet Z.1 microscope 
(Zeiss) equipped a 40× or 63× Plan-Apochromat NA 1.0 water-dipping objective and 
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temperature module. The excitation wavelengths and the detection spectra used for each 
fluorophore are listed in Table 2.7. Samples used for control experiments were imaged 
under the same conditions with the same microscope. Images were processed in ZEN 
black (Zeiss). The GMOPs medium within the main Lighsheet (LS) chamber (30 ml) was 
supplemented with 60ul, final concentration of 100 μg/ml of Normocin (Invivogen, ant-
nr-1, aliquots in -20oC). All media for live-cell imaging were incubated overnight at 
37°C incubator.  
 
Table 2.7 Imaging settings for fluorophores used in light-sheet microscopy. 
Fluorophore Excitation λ (nm) Detection λ (nm) 
mClover3 and mEGFP 488 505 – 545 
mCherry 561 575 – 615 
2.4.2.1 Preparation of sample holder 
FEP foil was cut to size using a puncturing hammer (designed by the fine mechanical 
workshop at Max Planck Institute for Biophysical Chemistry for Biophysical Chemistry, 
Göttingen). Cut FEP foils were dipped into 70% EtOH and then rinsed in embryo tested 
H2O (W1503, Sigma-Aldrich) and dried with tissue paper. Tantal sample holder was 
stored in 70% EtOH and prior to use rinsed with embryo tested H2O. Both surface of the 
Tantal sample holder was dabbed with silicone grease. Excess grease was removed using 
gloved figures and lens paper. Using fine tweezers, sample holder chamber was sealed 
with the cut and washed FEP foil. Culture medium (GMOPS + 10% FBS) was loaded 
into the sample chamber (5-20 µl) using a clean glass capillary via a mouth pipette. 
Sealed sample holder was incubated overnight at 37°C incubator. For the loading of 
oocytes, using the fine tweezer, one side of the sample holder foil is lifted and oocyte(s) 
placed onto the imaging surface and resealed. Fixed oocytes were also imaged in 
GMOPS + 10% FBS within the sample holder.  
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2.4.3 Fluorescence recovery after photobleaching (FRAP)  
Oocytes that were co-expressing fluorescent reporter(s) of interest and H2B-mCherry, 
were allowed to reach the bipolar MI stage (6-7 hours post NEBD) and oocytes were 
rotated on the microscope stage to align the meiotic spindles in a parallel orientation to 
the imaging plane. Circular (aMTOCs) or rectangular (spindle region between poles and 
metaphase plate) regions of interest (ROIs) were marked and subsequently 
photobleached using the respective excitation laser setting (488 or 561 nm) at the 
maximum power after the third time point. Time-lapse images were taken to analyse the 
mobility of the proteins in the ROIs every second for the total duration of 2 minutes.  
2.4.4 Photoactivation 
Assessment of poleward flux rate and the rate of protein mobility was measured in 
oocytes co-expressing mPA-GFP-α-tubulin and H2B-mCherry or TACC3-mPA-GFP and 
H2B-mCherry. MI oocytes were rotated on the microscope stage to align the meiotic 
spindles in a parallel orientation to the imaging plane (based on H2B-mCherry signal). 
Rectangular (spindle region between poles and metaphase plate) ROIs were marked and 
photoactivation was triggered via the 405 nm laser line at high excitation laser setting. 
Photoactivation was triggered after the third time point. Time-lapse images were taken to 
analyse the mobility of the proteins in the ROIs every second for the total duration of 2 
minutes.  
2.5 Quantifications 
2.5.1 General quantifications 
Analysis of phenotypes were carried out manually using Zen image software (Zeiss) or 
ImarisXT (Bitplane). Scored time points and specific phenotypes were recorded in 
Microsoft Excel and statistics were calculated as described in section 2.5.6. Oocytes that 
failed to mature and undergo NEBD or died, were not analysed. Meiotic progression was 
quantified relative to the time of NEBD, which was defined as the disappearance of the 
sharp boundary between the cytoplasm and the nucleus. The last time point of metaphase 
(usually 5-6 minutes), before chromosome separation could be observed, was defined as 
anaphase. Chromosome misalignment was scored at the last time-frame before anaphase 
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onset and only those were considered as misaligned that have clearly separated from the 
metaphase plate and maintained and did not join the main chromosome mass prior to 
anaphase onset. Lagging chromosomes were defined as chromosomes that trailed behind 
and could not clear the central spindle region within 10-12 minutes after the start of 
anaphase. Misaligned and lagging chromosomes were further confirmed by 
chromosomes reconstruction using Imaris.  
Images that are shown in this thesis as examples from both live cell imaging and 
immunofluorescence were prepared in ImageJ (win64) and all figure panels were created 
in Adobe Illustrator CC 2018.  
2.5.2 Quantification of volume and fluorescence intensities  
Using Isosurface function of ImarisXT (Bitplane), the microtubule spindle or aMTOC 
surfaces were reconstituted in 3D using the automated threshold function within the 
corresponding channel. Microtubule signal was identified by fluorescently tagged MAP4 
expression or labelled via anti-α-tubulin in fixed samples and aMTOC signal was 
labelled with CEP192 (live) or anti-Pericentrin (fixed). Cytoplasmic signal was excluded 
from the analysis by specifying a region of interest around the spindle. All analysed 
images were checked for saturation to ensure that intensity measurements are not 
skewed. In the case of K-fibre 3D surface reconstitution, individual fibre surfaces 
sometimes did not connect. To ensure that the total volume and intensity measurements 
reflect the total K-fibre signal, separate surfaces were unified to give a single 
measurement value. Measurements of calculated total surface volumes, mean 
fluorescence and total fluorescence intensities were exported into Microsoft Excel where 
statistical analysis was performed as described in section 2.5.6. The time points of 
measurements from live-cell images were aligned from NEBD. Normalisation of datasets 
were carried out by dividing each datapoint by the average steady state value of all data 
within the control group. In some datasets, to ensure that time-lapse measurements are 
aligned at the same time point, datasets were interpolated using the Linear 
Interpolate/Extrapolate Y from X function of OriginPro (OriginLab, 2017). 
Normalisation of immunofluorescence datasets were done by dividing each value by the 
average value of all control datapoints within the same channel.  
 Chapter 2: Materials and Methods  
 
  81 
 
2.5.3 Quantification of FRAP experiments 
Mean intensity datapoints from live cell imaging of photobleached regions of interest 
(ROIs) were exported from Zen (Zeiss) to Microsoft Excel for analysis. In order to 
correct for background signal, datapoints were subtracted by the measured intensity in 
the unbleached area in the cytoplasm of the same oocyte. Normalisation of the 
background subtracted datasets was carried out by dividing all datapoints with the 
average intensity of the pre-bleach time points, F0 (three time points recorded prior to 
photobleaching). Due to variable photobleaching efficiency, post-bleach intensity could 
not be normalized between individual plots. Plots of intensity (F) against time were fitted 
to single exponential functions in OriginPro (OriginLab, 2017). Half-times of maximum 
recovery (t1/2) and mobile fractions were determined by τ × ln (2) and F∞/(F0-F’) (where 
F’ is the minimum intensity measured immediately after photobleaching), respectively. 
2.5.4 Quantification of photoactivation experiments 
To analyse flux rates, recorded images were aligned in ImageJ (win64). A perpendicular 
line was drawn in the centre of the spindle from the metaphase plate (marked by 
chromosomes) to the spindle pole. The line intensities from ImageJ were exported using 
the Stack profile data plugin to Microsoft Excel. Flux rates were calculated by following 
the position of the local maxima over time (amplitude version of Gaussian peak function 
in OriginPro) within the photoactivated region. 
To calculate dissipation rates, in ImageJ the mean intensities within the rectangle drawn 
around the photoactivated areas were exported into Microsoft Excel via the Plot X-axis 
profile list plugin. Datapoints were background subtracted by the measured intensity of 
the ROI before photoactivation. Normalisation was done by dividing each datapoint with 
the intensity measured at the first time point of the photoactivated ROI. Normalised mean 
intensities over time were fitted to a one- or two-component exponential function in 
OriginPro and half-times of fluorescence decay (t1/2) were determined. For α-tubulin, 
single-component exponential fitting was used as described in (Mogessie & Schuh, 
2017). For TACC3, double-component exponential fitting gave a better goodness of fit as 
described by the coefficient of determination (R^2 closest to 1, Figure 4.6, p135). 
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2.5.5 Quantification of EB3 plus-end growth velocities 
Oocytes overexpressing EB3-3×mEGFP were imaged at 6-7 hours post NEBD. Oocytes 
were rotated on the microscope stage to align the meiotic spindles in a parallel 
orientation to the imaging plane. Images were taken every 1.5 seconds to record the EB3 
plus-end microtubule growth as shown by the movement of the EB3 plus-tip comet 
movements. For the analysis, the ImageJ MultiKymograph plugin (EMBL) was used. 
First, images were opened in ImageJ and using the Walking Average plugin, maximum 
intensity projections of 3 consecutive time points were generated to follow the growing 
EB3 comets more easily. Using the segmented line tool, the EB3 comet was marked on 
the projected image, which was then overlayed onto the original image. When running 
the MultipleKymograph plugin on the selected region, the distance travelled (x) over 
time (y) was plotted on the kymograph. The determined datapoints (x and y) were 
recorded in Microsoft Excel. Based on the calculated micron/pixel size, the growth 
velocity was calculated by displacement / time (µm/min).  
2.5.6 Statistical analysis 
Average (mean) and standard deviation (S.D.) were calculated in Microsoft Excel. 
Statistical significance (p values) were calculated in Microsoft Excel with two tailed 
Student’s t test for absolute values or Fisher’s exact test for categorical data. P values 
show significance as: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001. 
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 RESULTS: PART I 
Characterisation of a new spindle domain in mouse meiosis 
3.1 Overview  
The organisation of microtubule networks into a bipolar spindle is essential for reliable 
chromosome separation during cell division. A pair of centrioles surrounded by 
pericentriolar material (PCM), define the canonical centrosome that acts as the main 
microtubule organising centre (MTOC) during mitosis (Bornens, 2012; Sanchez & 
Feldman, 2017). In mammalian meiosis, centrioles are eliminated during pachytene 
arrest of oogenesis (Manandhar et al., 2005). In mouse oocytes, spindle microtubules are 
predominantly nucleated by acentriolar MTOCs (aMTOCs) that self-organise and form a 
barrel-shaped bipolar spindle (Schuh & Ellenberg, 2007).  
Despite the absence of centrosomes, a large number of centrosomal proteins are highly 
expressed in mouse oocytes (Pfeiffer et al., 2011; Virant-Klun et al., 2013; Wang et al., 
2010; Yan et al., 2013; Zeng et al., 2004).  In somatic cells, the function and composition 
of the centrosome and its accessory domains have been extensively studied; however, the 
conservation of their function or perhaps previously undescribed mechanism(s) in the 
acentrosomal spindle is still poorly understood. During his time in the Schuh lab, Dean 
Clift initially showed that centrosomal proteins localise to two distinct sites at the 
acentrosomal mouse spindle (Figure 3.1). Pericentriolar material proteins (Pericentrin, 
CEP192, CDK5RAP2 and γ-tubulin) localised to the aMTOCs that form a pole ring 
domain at the spindle poles. Unexpectedly, a group of pericentriolar satellite proteins 
(PCM1, CEP72, LRRC36 and BBS4) and AKAP9 that contains the centrosome targeting 
PACT domain localised to a previously undescribed domain throughout meiotic 
maturation of mouse oocytes (Figure 3.1). This domain, which I will refer to as the 
meiotic spindle pole domain (MSPD), is distinct from spindle microtubules and the 
acentrosomal microtubule organising centres (aMTOCs). Our hypothesis was that this 
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domain might be important for spindle assembly and organisation in mouse oocyte 
meiosis.  
 
Figure 3.1. Localisation of centrosomal proteins in mouse meiosis I spindles.  
Selected examples showing anti-Pericentrin, CEP192-mCherry, anti-CDK5RAP2, anti-γ-
tubulin localising to aMTOCs. Selected examples showing PCM1-mEGFP, mEGFP-
AKAP9 (image taken by Dean Clift), Bbs4-mEGFP (image taken by Dean Clift), 
mEGFP-HOOK3 (image taken by Dean Clift), LRRC36-mEGFP, CEP72-mEGFP 
(image taken by Dean Clift) and anti-MYO10 localising to the meiotic spindle pole 
domain. Scale bar shows 5 µm. 
 
To characterise the MSPD domain further, I investigated the localisation and function of 
PCM1, because it is known to act as a scaffold protein to recruit other centriolar satellites 
and pericentriolar material proteins in mitotic cells (Hori & Toda, 2017) and therefore is 
likely to play an important role in MSPD function.  
Trim-Away, an antibody-based protein depletion method, was used to study the function 
of PCM1 (Clift et al., 2017). Analysis of PCM1-depleted oocytes revealed that PCM1 is 
critical for the assembly and maintenance of the aMTOCs. I also observed that PCM1 
and the main MTOC component Pericentrin are interdependent during mouse meiosis, 
and depletion of both proteins show similar phenotypes. Importantly, in the absence of 
PCM1 and aMTOCs, the onset of microtubule nucleation is significantly delayed and the 
total amount of nucleated microtubules throughout meiosis is reduced. PCM1 and 
aMTOC function was also important at the later stages of meiosis. Acute depletion at 7 
hours post nuclear envelope breakdown (NEBD) revealed that aMTOCs maintained a 20-
40% contribution to the total nucleated microtubule mass. In the absence of functional 
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aMTOCs, spindle formation was fully dependent on the RanGTP pathway, which is 
activated at the chromosome surface. A similar mechanism of spindle assembly was 
previously reported in human oocytes that lack any detectable MTOCs (Holubcová et al., 
2015). 
3.2 PCM1 localises to a unique domain within mouse meiotic 
spindles 
In order to describe the recruitment and localisation of MSPD in detail, I initially focused 
on PCM1, the main centriolar satellite scaffold protein that had not been previously 
characterised in mouse meiosis.  
Immunofluorescence revealed that PCM1 initially localised to the inner part of both 
cytoplasmic and nuclear envelope-associated aMTOCs in prophase I arrested oocytes 
(Figure 3.2A). Following resumption of meiosis, those aMTOCs associated with the 
nuclear envelope (NE), show a different localisation pattern, with small PCM1 foci 
localised along the length of stretched out aMTOCs (Figure 3.2A). Interestingly, these 
foci did not completely co-localise but were closely associated with the aMTOCs (Figure 
3.2A). Following NEBD and the onset of microtubule nucleation, PCM1 started to 
accumulate within the microtubule spindle ball. During spindle bipolarisation, PCM1 
was gradually distributed to the poles (Figure 3.2B and C). Closer examination of the 
spindle and spindle poles showed that PCM1 formed foci of various sizes predominantly 
concentrated at the poles and extended beyond the aMTOC ring domain (Figure 3.2D). 
To a lesser extent, PCM1 also infiltrated the whole of the meiotic spindle. The 
filamentous signal ending at the chromosomes may also indicate co-
localisation/enrichment on kinetochore fibres (Figure 3.2B and E). Live cell imaging of 
fluorescently tagged full-length PCM1 (Gallus gallus, chicken PCM1 construct) gave the 
same localisation pattern as seen with immunofluorescence, confirming that no staining 
artefacts were present (Figure 3.2C).  
Early studies in mitotic cells showed that both the amount and localisation of PCM1 can 
vary between different cell types;  and it cannot be excluded that these results also varied 
due to the different antibodies used (Balczon et al., 1994; Dammermann & Merdes, 
2002; Kubo & Tsukita, 2002). To ensure the specificity of the PCM1 antibody and 
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confirm that the results are not specific to only certain mouse strains, I tested another 
PCM1 antibody from the Merdes lab (Figure 3.3A) (Dammermann & Merdes, 2002) and 
imaged oocytes from a hybrid mouse strain; F1 (C57BL x CBA) (Figure 3.3B). This 
confirmed that the localisation of PCM1 is specific and is conserved between mouse 
strains.  
Together, this shows that PCM1 localises to a unique spindle domain throughout meiosis 
and forms a distinctive network of foci/spherical protrusions at the spindle poles (MSPD) 
that is closely associated with the aMTOC ring domain and spindle microtubules. 
 
Figure 3.2 PCM1 localises to a unique domain in meiosis I mouse spindles. 
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 (A) Immunofluorescence of PCM1 in prophase mouse oocytes. Antibody from 
(Dammermann & Merdes, 2002). Examples showing aMTOCs labelled with anti-
Pericentrin in cytoplasm or on the nuclear envelop (NE) prior to NEBD. Dashed lines 
show borders of the nuclear envelope. Images were taken with the Lightsheet Z.1 
microscope. Scale bar shows 1 µm. 
(B) Immunofluorescence of PCM1 localisation at different time points during meiosis I. 
Antibody from Sigma (HPA023374) was used. Oocytes were fixed at NEBD, ball stage 
(2h post NEBD), spindle bipolarisation (4h post NEBD) and MI spindle (7h post NEBD). 
aMTOCs are labelled with anti- Pericentrin. Scale bar shows 5 µm. 
(C) Live cell imaging of PCM1 localisation in mouse oocytes undergoing meiosis I. 
Oocytes overexpressed PCM1-mEGFP (green) and MAP4-mCherry (magenta) to label 
microtubules. Time shows hours (h) and minutes (min) from NEBD. Scale bar shows 5 
µm. 
(D) Immunofluorescence of PCM1 localisation at spindle poles. Antibody from Sigma 
(HPA023374) was used. Oocytes were fixed at late MI (7h post NEBD). aMTOCs 
labelled with Pericentrin (showing the ring domain). Pcm1 foci are highlighted with 
arrows at the poles. Images show examples from side and top view of the spindle pole. 
Scale bar shows 5 µm. 
(E) Immunofluorescence of PCM1 localisation in early bipolar MI spindle (4h post 
NEBD). Antibody from Sigma (HPA023374) was used. Boxed regions are magnified on 
the right and the filamentous localisation within the spindle, ending at chromosomes are 
highlighted with arrows. Scale bar shows 5 µm and 1 µm for magnified images.  
(F) Schematic drawing of MI spindle showing peri-aMTOC domain (PAD) in green at 
spindle poles. The different objects are specified in the legend.  
 
 
Figure 3.3 PCM1 localisation in fixed MI 
oocytes (7h post NEBD). 
(A) Immunofluorescence staining of 
endogenous PCM1 (green) labelled with 
antibody from (Dammermann & Merdes, 
2002).  
(B) Immunofluorescence staining of 
endogenous PCM1 (green) using the 
commercially available Sigma antibody 
(HPA023374) in F1 (C57BL x CBA) hybrid 
mouse strain.  
aMTOCs labelled with Pericentrin (magenta) 
and chromosomes with Hoechst (blue). Scale 
bar shows 5 µm. 
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3.3 PCM1/MSPD localisation is microtubule-dependent 
To investigate if PCM1/MSPD is microtubule-dependent, I looked at 
immunofluorescence localisation of PCM1 following Nocodazole treatment of MI mouse 
spindles (Figure 3.4). It is evident that the domain organisation is no longer maintained 
with minimal PCM1 signal only visible around the aMTOCs in the absence of 
microtubules. It would be interesting to also image Nocodazole depolymerisation and 
microtubule regrowth following washout in live mouse oocytes, to see in more detail 
how the MSPD is recruited and sorted around the spindle poles. More details on this is 
provided in section 4.3, p130 (Figure 4.5). 
 
 
Figure 3.4 PCM1/MSPD localisation is microtubule-dependent. 
Immunofluorescence of anti-PCM1 (green), anti-α-tubulin (magenta), anti-Pericentrin 
(PCNT, red) and Hoechst (blue). Oocytes were allowed to mature (7 hours post NEBD) 
and treated with either DMSO (control) or Nocodazole (10 µM for 20 minutes) prior to 
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3.4 Depletion efficiency of PCM1 in oocytes 
To investigate the function of PCM1 during meiosis, it was necessary to deplete the 
protein from oocytes. My first approach was to prevent the expression of PCM1 by 
RNAi (Figure 3.5A and B).  Immunofluorescence showed that PCM1 could not be 
depleted using this approach, and that the endogenous protein still localised to the spindle 
(Figure 3.5A). Western blot analysis also confirmed that endogenous PCM1 was still 
present after RNAi treatment (Figure 3.5B, lane 3). Oocytes accumulate maternal mRNA 
and proteins in their large cytoplasm during their follicular development (Clift & Schuh, 
2013). Depending on the time a particular protein is translated, depletion of stable 
maternal proteins is not always possible with RNAi depletion methods. In this case, 
PCM1 is an example of a stable maternal protein that is likely translated early on during 
oogenesis, with the protein being stored in the large cytoplasm of the oocyte.  
One way to overcome this problem is to deplete PCM1 at the protein level. While there 
are limited means available for this, I made use of the Trim-Away method, an antibody-
based protein degradation technique developed in our lab (Clift et al., 2017). The 
principle of the Trim-Away method is summarised in Figure 3.5E. Because Trim-Away 
utilises antibodies that are concentrated and microinjected into oocytes (Figure 3.5E), as 
part of the optimisation, I tested that the specificity and activity of the antibody is 
maintained following microinjection. Concentrated and microinjected anti-PCM1 
antibody sustained its activity and specificity as confirmed by immunofluorescence 
(Figure 3.5D).  
Using the specific anti-PCM1 antibody, I was able to successfully deplete PCM1 at the 
protein level (Figure 3.5B, C and F). Efficient depletion was confirmed by 
immunofluorescence (Figure 3.5C), Western blotting (Figure 3.5B) and live cell imaging 
of fluorescently tagged PCM1 protein (Figure 3.5F). 
Since the Trim-Away method can acutely degrade endogenous proteins, the target 
protein could be depleted at different time points during meiosis (Figure 3.5G).  PCM1 at 
late MI stage (7h post NEBD) was rapidly depleted (within 25-30 min, Figure 3.5H and 
I), and with this modified experimental design the role of PCM1 could be further 
investigated, not only for spindle assembly (Figure 3.6) but also for its function in the 
later stages of meiosis (Figure 3.7). 
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Figure 3.5 Degradation of PCM1 in mouse oocytes by RNAi and Trim-Away. 
(A) Immunofluorescence of PCM1 in mouse oocytes. Oocytes were microinjected with 
siScramble (siScr) control or siPcm1 and fixed at the MI stage (7h post NEBD). Scale 
bar shows 5 µm. 
(B) Western blot showing endogenous PCM1 in MI mouse oocytes. Whole oocyte 
lysates were pooled from two separate experiments and blotted once. PCM1 was detected 
with a specific antibody (HPA023374, Sigma-Aldrich), detection of -tubulin served as 
loading control. 
(C) Oocytes overexpressing TRIM21 mRNA and microinjected with anti-PCM1 
antibody were allowed to mature to the MI stage and fixed. Scale bar shows 5 µm. 
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 (D) Top row showing oocyte fixed at the bipolar MI stage (7h post NEBD) and 
conventional immunofluorescence staining with primary rabbit anti-PCM1 and 
secondary anti-rabbit 488 antibodies. Bottom row showing oocyte microinjected with 
rabbit anti-Pcm1 and then fixed at the bipolar MI stage (7h post NEBD) and stained with 
anti-rabbit 488 secondary antibody only. Scale bar shows 5 µm. 
(E) Schematic of Trim-Away approach. Modified from (Clift et al., 2017). 
(F) Oocytes overexpressing PCM1-mEGFP and MAP4-mCherry were microinjected 
with either non-specific control IgG antibody or anti-PCM1 antibody. Time shows hours 
(h) and minutes (min) from NEBD. Scale bar shows 5 µm. 
(G) Schematics of acute PCM1 Trim-Away at the MI stage. Modified from (Clift et al., 
2017). 
(H-I) Oocytes overexpressing PCM1-mEGFP were microinjected with either non-
specific control IgG antibody or anti-PCM antibody. Time shows minutes (min) from 
antibody microinjection, 0 min is immediately before antibody microinjection. Scale bar 
shows 5 µm. 
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3.5 PCM1-depleted oocytes show delayed microtubule 
nucleation and overall reduction in spindle microtubule 
nucleation efficiency  
After validating the Trim-Away method with anti-PCM1 antibody, I investigated the 
phenotype in PCM1-depleted oocytes via live cell imaging of microtubules and 
chromosomes (Figure 3.6). Notably, PCM1 depletion influenced the timing of the early 
stages of meiotic events (Figure 3.6A). Firstly, the onset of microtubule nucleation 
following NEBD was significantly delayed (Figure 3.6A and E). Compared to control 
oocytes, where microtubule nucleation began immediately after NEBD (time lapse 
interval 10 min, onset of microtubule nucleation 10.7 ± 2.7 min post NEBD), PCM1-
depleted oocytes had on average a three-fold delay before MAP4 signal could be detected 
(32.9 ± 14.0 min post NEBD, Figure 3.6E and J). Although there was also a significant 
delay in the formation of bipolar spindle and chromosome alignment, oocytes were able 
to enter anaphase and complete meiosis I with the extrusion of the first polar body at a 
comparable rate to the control group (Figure 3.6A). No significant chromosome 
segregation defects were observed in PCM1-depleted oocytes (Figure 3.6C and D). This 
is also consistent with the data showing efficient progression into anaphase (73% control 
vs. 69% PCM1-depleted), suggesting that the spindle assembly checkpoint (SAC) was 
silenced in these oocytes, despite the delay in microtubule nucleation, (Figure 3.6B).  
The most striking phenotype was seen in the morphology of the spindle (Figure 3.6J), 
with PCM1-depleted oocytes forming smaller spindles (Figure 3.6F-J). The total amount 
of microtubules nucleated, as indicated by the sum intensity of microtubules (MAP4), as 
well as the overall spindle volume, were significantly lower throughout meiosis (Figure 
3.6F-I).  
I then investigated whether PCM1 is required not only for spindle assembly, but also for 
maintaining spindle morphology when the bipolar spindle is fully formed. Oocytes were 
allowed to assemble a mature bipolar MI spindle and PCM1 was then acutely-depleted 
using Trim-Away (Figure 3.7G). Two hours after anti-PCM1 antibody injection, spindles 
had dramatically shrunk/decreased in size, suggesting that PCM1 has an essential role in 
maintaining spindle morphology (Figure 3.7). These spindles were of a similar 
morphology to those where PCM1 had been depleted prior to spindle assembly in 
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prophase I, with significantly reduced total amount of spindle microtubules as well as 
reduced overall spindle volume (Figure 3.7A-E).  
In summary, depletion of PCM1 disrupted the dynamics of spindle assembly with a 
significant delay in the onset of microtubule nucleation and reduction in the total amount 
of nucleated microtubules throughout meiosis. Acute depletion confirmed that PCM1 is 
not only important for initial spindle assembly, but it is also essential for maintaining 
spindle morphology during meiosis. 
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Figure 3.6 Loss of PCM1 delays microtubule nucleation and disrupts spindle 
morphology. 
 (A) Oocytes overexpressing TRIM21, H2B-mCherry and MAP4-mEGFP and 
microinjected with either control antibody or anti-PCM1 antibody were scored for the 
percentage of oocytes progressing through meiotic events and the timing of events.  
(B-D) Oocytes overexpressing TRIM21, H2B and MAP4 and microinjected with either 
control antibody or anti-PCM1 antibody were scored for the frequency of oocytes 
progressing into anaphase (B), misaligned chromosomes (C) and lagging chromosomes 
(D).  
(E) Timing of the onset of microtubule nucleation is shown in minutes (min).  
(F-G) Quantification of normalised sum microtubule fluorescence intensity (MAP4-
mEGFP) over time (hours). Time 0 is the onset of microtubule nucleation (F). 
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Normalised sum fluorescence intensity (MAP4-mEGFP) at 8 hours from microtubule 
nucleation (G).  
(H-I) Quantification of spindle volume (MAP4-mEGFP) over time (hours). Time 0 is the 
onset of microtubule nucleation (F). Spindle volume (MAP4-mEGFP) at 8 hours from 
microtubule nucleation (I). 
(J) Examples from time-lapse imaging of oocytes overexpressing TRIM21, H2B-
mCherry and MAP4-mEGFP and microinjected with either control antibody or anti-
PCM1 antibody. Time shows hours (h) and minutes (min) from NEBD (time 0). Scale 
bar shows 5 µm. 
Data from two independent experiments (A-I). Number of oocytes shown above the 
dataset or in brackets. P values were calculated with Student’s t test (A, E, G, I) or 
Fisher’s exact test (B-D). 
 
 
Figure 3.7 Acute PCM1 depletion at the MI stage.  
(A) Examples from time-lapse imaging of oocytes overexpressing TRIM21, MAP4-
mCherry and PCM1-mEGFP. Oocytes were left to mature in vitro and microinjected at 7 
hours post NEBD with either control antibody or anti-PCM1 antibody. Scale bar shows 5 
µm. 
(B-C) Quantification of normalised sum microtubule fluorescence intensity (MAP4-
mEGFP) over time (hours). Oocytes overexpressing TRIM21, MAP4-mCherry were left 
to mature in vitro and microinjected at 7 hours post NEBD with either control antibody 
or anti-PCM1 antibody. Time 0 is the time of antibody injection (B). Normalised sum 
fluorescence intensity (MAP4-mEGFP) at 2 hours from antibody injection (C). 
(D-E) Quantification of spindle volume (MAP4-mEGFP) over time (hours). Oocytes 
overexpressing TRIM21, MAP4-mCherry were left to mature in vitro and microinjected 
at 7 hours post NEBD with either control antibody or anti-PCM1 antibody. Time 0 is the 
time of antibody injection (D). Spindle volume (MAP4-mEGFP) at 2 hours from 
antibody injection (E). 
Data from two independent experiments (B-E). Number of oocytes shown above the 
dataset or in brackets. P values were calculated with Student’s t test (C and E).  
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3.6 PCM1 is required for efficient chromosome congression  
Live cell imaging of microtubules and chromosomes in PCM1-depleted oocytes also 
revealed disruption to the alignment of chromosomes on the metaphase plate of the MI 
spindle. Stable chromosome congression was delayed (Figure 3.6A), and oocytes could 
not achieve a tightly organised metaphase plate compared to control oocytes (Figure 
3.8A-D). Chromosomes appeared unstretched even after stable alignment (Figure 3.8A) 
and only about 10% of PCM1-depleted oocytes showed tight chromosome congression 
(Figure 3.8B). This was also marked by the significantly wider metaphase plate width 
compared to control oocytes (8.0 ± 0.8 µm control vs. 12.0 ± 1.5 µm PCM1-depleted, 
Figure 3.8C-D). 
It was previously shown that chromosome congression in mouse oocytes precedes 
biorientation during which kinetochore fibres (K-fibres) attach to kinetochores from 
opposite poles (amphitelic) (Kitajima et al., 2011). The balance of force generated, 
stretches the chromosomes, leading to stable biorientation on the metaphase plate. 
PCM1-depleted oocytes could not achieve chromosome congression within the same 
time-frame as controls (Figure 3.6A), and bivalents appeared to be unstretched on the 
metaphase plate (Figure 3.8A), which could indicate compromised K-fibre formation or 
attachment.  
During the initial immunofluorescence imaging, the fibre-like localisation of PCM1 
within the spindle that ends at the chromosomes indicated co-localisation of PCM1 with 
K-fibres (Figure 3.2F). Cold-mediated microtubule depolymerisation assay (methods 
section 2.1.7, p70) was used to selectively visualise the more stable K-fibres. Indeed, 
PCM1 co-localised with α-tubulin on K-fibres (Figure 3.8E). When PCM1 is depleted, 
there is a reduction in the total K-fibre volume (Figure 3.8I), which could be an indirect 
consequence of reduced microtubule nucleation (Figure 3.6E-J), although it is possible 
that PCM1 plays a direct role in K-fibre function. Nonetheless, the reduction in K-fibres 
as indicated by their reduced overall volume (Figure 3.8I) may explain the chromosome 
alignment defects in PCM1-depleted oocytes.  
Unstretched bivalents and loose chromosome alignment might also be due to incorrect 
attachment of K-fibres to kinetochores (section 1.5.3, p39). Correct attachment of 
bivalents is referred to as amphitelic, where K-fibres emanating from the two opposite 
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poles attach to the kinetochores (Figure 1.9). Unbalanced attachments such as those 
where both kinetochores originate from K-fibres from the same poles (syntelic) or when 
one kinetochore has no attachment to K-fibres (monotelic) can lead to chromosome 
alignment problems. Considering the reduction in microtubule nucleation and spindle 
assembly, it would be interesting to test whether oocytes depleted of PCM1 may have a 
higher frequency of incorrect K-fibre attachments or altered microtubule dynamics. The 
frequency of the different types of attachments can be quantified by labelling the 
kinetochores with CREST antibody, and the K-fibres with α-tubulin of oocytes treated 
with cold stable assay. In addition, measurement of interkinetochore distance within the 
bivalents reflects spindle tension, which can be affected by altered microtubule 
dynamics. 
Altogether, live cell imaging revealed that the efficiency of chromosome congression in 
PCM1-depleted oocytes is disrupted. As stated above, K-fibres are reduced in PCM1-
depleted oocytes, but this might simply be a consequence of fewer microtubules. 
Nonetheless, it may explain the observed chromosome defects. Future experiments 
investigating K-fibre dynamics and the frequency of different K-fibre and kinetochore 
attachment types would be of interest in order to test this hypothesis. 
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Figure 3.8 Reduced chromosome congression in PCM1-depleted oocytes is not 
linked to K-fibre formation.  
(A) Examples from time-lapse imaging of chromosomes (H2B-mCherry) congression of 
oocytes microinjected with either control antibody or anti-PCM1 antibody. Boxed 
regions are magnified on the right and individual chromosomes are highlighted with an 
arrow. Scale bar shows 5 µm and 1 µm for magnified images.  
(B) Frequency of tight chromosome congression in oocytes microinjected with either 
control antibody or anti-PCM1 antibody. 
(C) Metaphase plate width measured in oocytes microinjected with either control 
antibody or anti-PCM1 antibody.  
(D) Examples from time-lapse imaging of oocytes overexpressing TRIM21, H2B-
mCherry and MAP4-mEGFP and microinjected with either control antibody or anti-
PCM1 antibody. Dashed lines highlight the boundaries of chromosomes on the 
metaphase plate and arrows show the width of the metaphase plate. 
(E) Immunofluorescence of anti-PCM1 (green), anti-α-tubulin (magenta), anti-
Pericentrin (PCNT, red) and Hoechst (blue). Oocytes were allowed to mature (7 hours 
post NEBD) and treated with cold prior to fixing. Scale bar shows 5 µm. 
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(F) Immunofluorescence of anti-α-tubulin (green) and Hoechst (magenta). Oocytes 
overexpressing TRIM21 and microinjected with either control antibody or anti-PCM1 
antibody were allowed to mature and treated with cold prior to fixing. Scale bar shows 5 
µm. 
(G-I) Quantification of normalised mean (G), normalised sum microtubule fluorescence 
intensity (α-tubulin) (H) and spindle volume (α-tubulin). All oocytes were fixed at 7 
hours post NEBD.  
Data from two independent experiments (B-C, G-I). Number of oocytes shown above the 
dataset or in brackets. P values were calculated with Student’s t test (C, G-I) or Fisher’s 
exact test (B).  
 
3.7 Spindle actin is prominent in the absence of the meiotic 
spindle pole domain. 
Among the screened proteins, the unconventional Myosin-10 (Myo10) protein also co-
localised with PCM1 at the meiotic spindle pole domain in mouse oocytes (Figure 3.2A). 
Myo10 contains a motor domain that binds actin as well as a MyTH4 domain that binds 
microtubules (section 1.5.2.5, p34) (Weber et al., 2004). It was previously shown that 
actin infiltrates the spindle microtubules and is important for chromosome alignment and 
segregation (Mogessie & Schuh, 2017). To test whether the formation/maintenance of 
PCM1/MSPD depends on an intact actin network in meiosis I, the actin cytoskeleton was 
depolymerised using cytochalasin D. Immunofluorescence images revealed that PCM1 
could still localise and assemble the spindle pole domain in the absence of F-actin 
(Figure 3.9A).  
Depletion of PCM1 resulted in disappearance of the Myo10 signal, suggesting that 
PCM1 is required for Myo10 localisation (Figure 3.9B). Considering that this 
unconventional myosin localises to the meiotic spindle and has the ability to bind actin 
directly, one intriguing possibility might be that spindle actin network is altered by 
PCM1 depletion and loss of Myo10 localisation. In order to investigate this possibility, I 
stained mouse oocytes expressing TRIM21 and microinjected them with either Control 
IgG or anti-PCM1 antibody and stained MI oocytes with Phalloidin, a selective F-actin 
label. However, spindle actin was still prominent in PCM1-depleted oocytes although the 
organisation and internal density would require further investigation (Figure 3.9C).  
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Overall, these results did not show a clear link between spindle actin and the described 
PCM1 spindle pole domain, but indicate that localisation of Myo10 is PCM1-dependent. 
This is in line with the described phenotype of PCM-depleted oocytes, where no 
significant increase in chromosome defects, such as misalignment or lagging 
chromosomes could be seen, a reported phenotype of disrupted spindle actin (Mogessie 
& Schuh, 2017).  
 
 
Figure 3.9 Meiotic pole domain is not dependent on the actin cytoskeleton 
(A) Immunofluorescence of anti-PCM1 (green), Phalloidin (magenta) and Hoechst 
(blue). Oocytes were treated with either DMSO (control) or cytochalasin D (CytoD). 
Scale bar shows 5 µm. 
(B) Immunofluorescence of MYO10 (green) and Hoechst (magenta). Oocytes 
overexpressing TRIM21 and microinjected with either control IgG or anti-PCM1 
antibody were allowed to mature and fixed at 7 hours post NEBD. Scale bar shows 5 µm. 
(C) Immunofluorescence of Phalloidin (green) and Hoechst (magenta). Oocytes 
overexpressing TRIM21 and microinjected with either control antibody or anti-PCM1 
antibody were allowed to mature and fixed at 7 hours post NEBD. Boxed regions are 
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3.8 PCM1 is required for aMTOC formation and maintenance     
Since PCM1 is a critical scaffold protein for centriolar satellites and plays an essential 
role in centrosome assembly (Hori & Toda, 2017), I decided to look at the expression 
and subcellular distribution of key components of the aMTOC components in PCM1-
depleted oocytes. In particular, Pericentrin was previously reported to directly interact 
with PCM1 in somatic cells (Li et al., 2000) and  Pericentrin levels were reduced at the 
centrosome after PCM1 depletion (Dammermann & Merdes, 2002; Li et al., 2000).  
I first tested the subcellular localisation of the main aMTOC associated proteins in 
PCM1-depleted oocytes (Figure 3.10A-C).  Depleting Pericentrin at this point provided a 
negative control. Depletion of Pericentrin was previously described in mouse oocytes, 
with data showing disruption of aMTOCs and loss of key Pericentrin interacting proteins, 
including γ-tubulin, which is essential for microtubule nucleation (Baumann et al., 2017). 
Surprisingly, the aMTOCs were absent when the localisation of various aMTOC 
components, including CEP192 (Figure 3.10A) and Pericentrin (Figure 3.10B) was 
tested, and γ-tubulin (Figure 3.10C) no longer localised to aMTOCs in PCM1-depleted 
oocytes.  Pericentrin-depleted oocytes displayed the same phenotype. In the case of γ-
tubulin, there was no recruitment to the aMTOCs and only weak labelling was seen on 
the meiotic spindle (Figure 3.10C). The fact that γ-tubulin was still visible within the 
spindle suggests that these components are not degraded/depleted, but simply cannot 
localise due to the absence of aMTOCs. The absence of aMTOCs at the spindle poles in 
PCM1-depleted oocytes suggests that PCM1 is essential for aMTOC function and could 
also explain the delay in microtubule nucleation, as aMTOCs are considered to be the 
main site of microtubule nucleation in mouse oocytes (Baumann et al., 2017; W. Ma & 
Viveiros, 2014; Schuh & Ellenberg, 2007). 
Live cell imaging of CEP192, another major regulator of pericentriolar recruitment, 
showed that aMTOCs were present throughout meiosis at both spindle poles and 
cytoplasm in control oocytes, and all populations of CEP192 labelled aMTOCs were 
absent in PCM1 and Pericentrin-depleted oocytes (Figure 3.10D). 
Since PCM1 was reported to directly bind Pericentrin, I wanted to confirm that the 
absence of Pericentrin following PCM1 depletion is not due to a non-specific degradation 
of the protein complex by the Trim-Away method. Western blot experiments showed that 
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endogenous Pericentrin was still present after PCM1-depletion (Figure 3.10E) and that 
the anti-Pericentrin antibody indeed specifically recognises endogenous Pericentrin. 
(siPcnt, Figure 3.10E, lane 2). Oocytes overexpressing TRIM21 and microinjected with 
either control antibody or anti-PCM1 antibody showed comparable Pericentrin signal on 
the Western Blot (Figure 3.10E, lanes 4 and 5). This result confirmed that Trim-Away 
was specifically depleting PCM1 and did not have an off-target effect due the proximity 
of Pericentrin to PCM1. These data provide support for the initial hypothesis that 
Pericentrin interacts with PCM1 and that this interaction is required for aMTOC function 
and maintenance.  
I then further investigated if PCM1 is required for maintaining the structural integrity of 
aMTOCs once Pericentrin is recruited and has formed the aMTOC pole ring domain in 
MI oocytes. Acute depletion of PCM1 was performed as shown in Figure 3.7G. CEP192 
signal was used as the marker for aMTOCs in live oocytes, and sum fluorescence 
intensity showed complete loss of signal from aMTOCs within 20-25 minutes following 
anti-PCM1 antibody injection (Figure 3.10F and J). The timing of complete loss of 
CEP192 signal was consistent with the time required for PCM1 degradation, previously 
shown in MI oocytes (Figure 3.5H-I). Total CEP192 intensity remained at a constant 
level in control oocytes, indicating that loss of CEP192 signal in PCM1-depleted oocytes 
was not due to bleaching.   
High resolution 3D imaging also suggested that loss of aMTOCs from the spindle poles 
was not due to dissociation or fragmentation, but to a continuous disassembly and loss of 
aMTOCs themselves (Figure 3.10F-G and J). Importantly, loss of aMTOCs from the 
spindle pole also coincided with a gradual reduction in spindle volume (Figure 3.10H-J). 
A significant reduction in spindle volume occurred once all aMTOCs had disassembled, 
at around 20-25 min following anti-PCM1 microinjection (Figure 3.10F-J).  
It was previously shown that aMTOC localisation to the nuclear envelope as well as its 
association with microtubule asters is important for oocyte competence to resume 
meiosis (Łuksza et al., 2013). As oocytes undergo different growth phases, aMTOCs 
reorganise and large aMTOCs associate with the nuclear envelope to become the main 
sites of microtubule nucleation following NEBD. The nucleation ability of aMTOCs, as 
measured by the number of microtubule foci nucleated aMTOC areas, increases during 
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oocyte growth phase (Łuksza et al., 2013). One of the most striking phenotypes of 
PCM1-depleted oocytes was the significant delay in the onset of microtubule nucleation 
following NEBD (Figure 3.6A and E). Therefore, I further investigated aMTOC numbers 
(labelled with CEP192) associated with the nuclear envelope (NE) via high resolution 3D 
imaging of prophase I arrested oocytes (Figure 3.10K).  Images taken just before and 
after anti-PCM1 antibody microinjection clearly show the complete disassembly of NE-
associated aMTOCs. This experiment suggested two things: firstly, PCM1 depletion in 
prophase I disrupted all aMTOCs on the NE and therefore resulted in the loss of the main 
microtubule nucleation site as oocytes resumed meiosis (Figure 3.10K). This is also 
indicated by the delay of nucleation onset in these oocytes (Figure 3.6A and E).  
Secondly, PCM1 is required for the integrity of all pools of aMTOCs throughout meiosis 
as seen by the disassembly of CEP192 labelled aMTOCs in the cytoplasm, associated 
with the NE in prophase I and at spindle poles following entry to meiosis I (Figure 
3.10D, J and K).   
Overall, these results confirm that PCM1 not only has a central role in the recruitment of 
aMTOC core components, a conserved function when compared to mitosis, but also in 
maintaining their integrity throughout meiosis once Pericentrin has formed the aMTOC 
ring.  
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Figure 3.10 PCM1 is required for recruitment of aMTOC components and 
maintenance of MTOC integrity throughout meiosis. 
 (A) Localisation of CEP192-mCherry (green) in oocytes overexpressing TRIM21 and 
microinjected with control, anti-PCM1 or anti-Pericentrin antibody. Scale bar shows 5 
µm. 
(B) Immunofluorescence of Pericentrin localisation (green) in oocytes overexpressing 
TRIM21 and microinjected with control, anti-PCM1 or anti-Pericentrin antibody. Scale 
bar shows 5 µm.  
(C) Immunofluorescence of γ-tubulin localisation (green) in oocytes overexpressing 
TRIM21 and microinjected with control, anti-PCM1 or anti-Pericentrin antibody. Scale 
bar shows 5 µm.  
(D) Examples from time-lapse imaging of oocytes overexpressing TRIM21, H2B-
mCherry and CEP192-mEGFP and microinjected with control, anti-PCM1 or anti-
Pericentrin antibody. Time shows hours (h) and minutes (min) from NEBD (time 0). 
White arrows show spindle pole aMTOCs, yellow arrows show cytoplasmic aMTOCs. 
Scale bar shows 5 µm. 
(E) Western blot showing endogenous Pericentrin in MI mouse oocytes. Lanes 1-3 show 
oocytes injected with siRNA. Lanes 4-5 show oocytes overexpressing TRIM21 and 
microinjected with either control or anti-PCM1 antibody. Whole oocyte lysates were 
pooled from two separate experiments and blotted once. Detection of -tubulin served as 
control. 
(F) Quantification of normalised sum aMTOC fluorescence intensity (CEP192-mEGFP) 
over time (minutes). Oocytes overexpressing TRIM21, MAP4-mCherry and CEP192-
mEGFP were left to mature in vitro and microinjected at 7 hours post NEBD with either 
control antibody or anti-PCM1 antibody. Time 0 is just before antibody injection.  
(G) Quantification of total aMTOC volume (CEP192-mEGFP) over time (minutes). 
Oocytes overexpressing TRIM21, MAP4-mCherry and CEP192-mEGFP were left to 
mature in vitro and microinjected at 7 hours post NEBD with either control antibody or 
anti-PCM1 antibody. Time 0 is just before antibody injection. 
(H-I) Quantification of spindle volume (MAP4-mCherry) over time (minutes). Oocytes 
overexpressing TRIM21, MAP4-mCherry and CEP192-mEGFP were left to mature in 
vitro and microinjected at 7 hours post NEBD with either control antibody or anti-PCM1 
antibody. Time 0 is just before antibody injection (H). Spindle volume (MAP4-mEGFP) 
at 30 minutes (min) from antibody injection (I). 
(J) Examples from time-lapse imaging of oocytes overexpressing TRIM21, MAP4-
mCherry and CEP192-mEGFP. Oocytes were left to mature in vitro and microinjected at 
7 hours post NEBD with either control antibody or anti-PCM1 antibody. Time shows 
minutes (min) just before antibody injection (time 0). Scale bar shows 5 µm. 
(K) Examples from time-lapse imaging of oocytes overexpressing TRIM21 and CEP192-
mEGFP. Oocytes were left to mature in vitro and microinjected at 7 hours post NEBD 
with either control antibody or anti-PCM1 antibody. Time shows minutes (min) just 
before antibody injection (time 0). Scale bar shows 5 µm. 
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3.9 Microtubule nucleation is reduced throughout meiosis in 
the absence of functional aMTOCs 
In order to investigate whether the loss of aMTOCs in PCM1 or Pericentrin-depleted 
oocytes results in a comparable loss of microtubules, I compared the total nucleating 
capacity of both PCM1 and Pericentrin-depleted oocytes. An assumption was made that 
the total amount of microtubules nucleated by control oocytes represent 100% of 
nucleation capacity at every measured time point, as all microtubule nucleation pathways 
are active. I then compared the sum microtubule intensity of PCM1 and Pericentrin-
depleted oocytes as a percentage of the total amount of microtubules in control oocytes 
over time (Figure 3.11). This data could indirectly show the average contribution of 
aMTOCs to overall microtubule nucleation at different stages of meiosis. This analysis 
suggested that aMTOCs are essential for the initial microtubule nucleation immediately 
after NEBD, as previously reported (Baumann et al., 2017; Schuh & Ellenberg, 2007), 
with a gradual recovery of nucleation 1-3 hours post NEBD, accounting for about 20-
40% of nucleation activity (Figure 3.11B). Another increase in nucleation activity is 
observed at around 4 hours post NEBD, following bipolar spindle formation, reaching 
60-80% of the nucleation capacity of controls, which then remains at this level until 
anaphase (Figure 3.11B).  
While PCM1-depleted oocytes are unable to assemble aMTOCs, similar to Pericentrin 
depletion, their overall microtubule nucleation activity seems to be further reduced 
compared to Pericentrin depletion alone (Figure 3.11B). This may suggest that, owing to 
its role as a scaffold protein, other components that could be important for microtubule 
nucleation are affected by depletion of PCM1, further reducing their nucleation capacity 
by about 20% throughout meiosis. When comparing the significance of this difference at 
specific timepoints, the sum microtubule intensity was significantly lower in the absence 
of PCM1 only at 8 hours post NEBD compared to Pericentrin-depleted oocytes (p=0.05). 
Further experiments are required to confirm that this is a consistent trend between the 
two depletion groups. 
Thus, interpretation of the sum microtubule fluorescence intensity as a percentage of the 
total microtubule nucleation in control oocytes suggests that aMTOCs contribute to the 
overall nucleating activity of the oocyte during meiosis to a different extent; this 
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indicates that the most critical contribution of aMTOCs lies within the first 30 minutes of 
NEBD, and then with decreasing extent as meiosis progresses. Of course, one needs to 
consider the potential adjustment the cell may use to compensate for the absence of 
MTOCs, and perhaps also upregulates other pathways (Hayward et al., 2014). However, 
it is evident that aMTOCs are essential for microtubule nucleation during initial spindle 
assembly with a gradual decrease in the contribution at later stages of meiosis.  
 
 
Figure 3.11 Overall spindle microtubule nucleation in the absence of aMTOCs. 
(A) Quantification of normalised sum microtubule fluorescence intensity (MAP4-
mEGFP) over time (hours). Time (0) from NEBD.  
(B) Percentage conversion of sum microtubule fluorescence intensity (MAP4-mEGFP) 
compared to control oocyte values. Average sum microtubule fluorescence intensity of 
PCM1 or Pericentrin-depleted oocytes was divided by the average sum microtubule 
fluorescence intensity of oocytes microinjected with Control IgG and displayed as a 
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3.10 Localisation of PCM1 and Pericentrin at the spindle poles 
is interdependent during meiosis 
Since Pericentrin and PCM1 have been  shown to directly interact  in mitotic cells 
(Dammermann & Merdes, 2002; Li et al., 2000), I also wanted to check PCM1 
localisation in Pericentrin-depleted oocytes. 
Pericentrin depletion by either RNAi or Trim-Away, showed that Pericentrin is required 
for correct PCM1 localisation (Figure 3.12A-B), suggesting an interdependence as 
previously shown: Pericentrin localisation is dependent on PCM1 (Figure 3.10). This was 
also confirmed with live cell imaging where fluorescently tagged PCM1 no longer 
formed the meiotic spindle pole domain in the absence of Pericentrin (Figure 3.12C). 
Pericentrin depletion by both siRNA and Trim-Away had no apparent effect on 
endogenous PCM1 protein levels (Figure 3.12D), confirming that depletion is specific to 
the target protein as shown for PCM1-depletion (Figure 3.5B). Analysis of Pericentrin-
depleted oocytes showed the same phenotype as for PCM1 depletion (section 3.5, p93). 
Notably, the onset of microtubule nucleation following NEBD was delayed (Figure 
3.12E) with significant reduction in the total microtubules nucleated (Figure 3.12F-G) as 
well as the overall spindle volume (Figure 3.12H-I).  
Acute depletion of Pericentrin once the spindle has fully formed at 7 hours post NEBD, 
also confirmed that Pericentrin is indeed a main scaffold protein required for maintaining 
the integrity of the aMTOCs at spindle poles. Complete depletion of Pericentrin after 
about 30 minutes of antibody microinjection showed disassembly of CEP192 labelled 
aMTOCs in live mouse oocytes (Figure 3.12N). Once aMTOCs disassembled, total 
spindle microtubules (measured by MAP4 sum fluorescence intensity) were reduced 
significantly, as was the spindle volume (Figure 3.12J-M). 
Together, these results show that Pericentrin is an essential scaffold protein in 
assembling and maintaining aMTOCs organisation. Due to the interdependence in the 
localisation of PCM1 and Pericentrin, the observed spindle phenotype following PCM1 
depletion cannot be fully dissected in mouse oocytes. Further experiments, such as 
rescuing the spindle phenotype by reintroducing either PCM1 and/or Pericentrin would 
be important to show specificity of the reported phenotypes. 
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Figure 3.12 PCM1 and Pericentrin are interdependent in mouse oocytes.  
(A) Immunofluorescence of PCM1 (green), Pericentrin (magenta) and Hoechst (blue). 
Oocytes were microinjected with negative control siRNA (Scr-control) or Pcnt-siRNA 
and fixed at the MI stage (7h post NEBD). Scale bar shows 5 µm. 
(B) Immunofluorescence of PCM1 (green), Pericentrin (magenta) and Hoechst (blue) in 
oocytes overexpressing TRIM21 and microinjected with control or anti-Pericentrin 
antibody. Scale bar shows 5 µm. 
(C) Live cell imaging of PCM1 localisation in mouse oocytes undergoing meiosis I. 
Oocytes overexpressing PCM1-mEGFP (green) and MAP4-mCherry (magenta) to label 
microtubules. Examples are shown after formation of the bipolar spindle. Scale bar 
shows 5 µm. 
(D) Western blot showing endogenous PCM1 in MI mouse oocytes. Whole oocyte 
lysates were pooled from two separate experiments and blotted once. Detection of -
tubulin served as loading control. 
(E) Timing of the onset of microtubule nucleation is shown in minutes (min).  
(F-G) Quantification of normalised sum microtubule fluorescence intensity (MAP4-
mEGFP) over time (hours). Time 0 is the onset of microtubule nucleation (F). 
Normalised sum fluorescence intensity (MAP4-mEGFP) at 8 hours from microtubule 
nucleation (G).  
(H-I) Quantification of spindle volume (MAP4-mEGFP) over time (hours). Time 0 is the 
onset of microtubule nucleation (F). Spindle volume (MAP4-mEGFP) at 8 hours from 
microtubule nucleation (I). 
(J-K) Quantification of normalised sum microtubule fluorescence intensity (MAP4-
mEGFP) over time (hours). Oocytes overexpressing TRIM21, MAP4-mCherry were left 
to mature in vitro and microinjected at 7 hours post NEBD with either control antibody 
or anti-Pericentrin antibody. Time 0 is the time of antibody injection (J). Normalised sum 
fluorescence intensity (MAP4-mEGFP) at 2 hours from antibody injection (K). 
(L-M) Quantification of spindle volume (MAP4-mEGFP) over time (hours). Oocytes 
overexpressing TRIM21, MAP4-mCherry were left to mature in vitro and microinjected 
at 7 hours post NEBD with either control antibody or anti-Pericentrin antibody. Time 0 is 
the time of antibody injection (L). Spindle volume (MAP4-mEGFP) at 2 hours from 
antibody injection (M). 
(N) Examples from time-lapse imaging of oocytes overexpressing TRIM21, MAP4-
mCherry and CEP192-mEGFP. Oocytes were left to mature in vitro and microinjected at 
7 hours post NEBD with either control antibody or anti-Pericentrin antibody. Time 
shows minutes (min) from antibody microinjection, 0 min is just before antibody 
microinjection. Scale bar shows 5 µm. 
Data from two independent experiments (E-M). Number of oocytes shown above the 
dataset or in brackets. P values were calculated with Student’s t test (E, G, I, K and M).   
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3.11 Absence of PCM1 and aMTOCs affects microtubule 
dynamics. 
Nucleation of microtubules is a well characterised function of aMTOCs. I therefore 
investigated the origin of microtubule nucleation in the absence of aMTOCs and PCM1. 
In addition, I sought to discover whether the absence of PCM1 and aMTOCs has a direct 
effect on microtubule dynamics.  
Firstly, the growing microtubule plus-tips in oocytes that had just undergone NEBD were 
imaged by expressing EB3-EGFP, one of the main plus-end binding (EB) proteins 
(Figure 3.13A). As previously described (section 3.8, 3.10), CEP192 labelled aMTOCs 
no longer assembled in PCM1 and Pericentrin-depleted oocytes (Figure 3.10 and Figure 
3.12). Once NEBD commenced, control oocytes rapidly nucleated microtubules with 
EB3 plus-tips predominantly emanating from aMTOC foci and between the 
individualised chromosomes (Figure 3.13A). In the absence of PCM1 or Pericentrin, EB3 
comets were reduced and originated from the chromosome mass (Figure 3.13A). 
Projections of EB3 over a period of 5 minutes clearly show that the pattern of 
microtubule growth is different between control and depleted groups (Figure 3.13A). 
Although, it is visually clear that the total EB3 labelled microtubule coments are 
significantly reduced compared to controls, accurate quantification of the signal was 
difficult, as it was not possible to align live cell imaging at exactly the same time 
following NEBD between experimental groups. Therefore, I decided to use a Nocodazole 
regrowth assay and fix oocytes at specific time points in order to have a more accurate 
analysis of the site of microtubule nucleation and the total oocyte microtubule regrowth 
capacity.  
It was important to optimise the microtubule regrowth assay prior to setting up the 
experiment, by testing the duration of Nocodazole treatment required to fully 
depolymerise all spindle microtubules (Figure 3.13B). Complete depolymerisation of 
spindle microtubules was achieved after 1 hour of Nocodazole treatment, while 30 
minutes’ incubation still showed spindle microtubules around chromosomes (Figure 
3.13B). To ensure that oocytes could fully recover and form bipolar spindles following 
prolonged Nocodazole treatment and washout, I also fixed oocytes after washout and 
further incubation for an hour. This showed that oocytes could recover and form a well 
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organised bipolar spindle following complete microtubule depolymerisation (one hour, 1 
µM Nocodazole treatment), comparable to control oocytes treated with DMSO (Figure 
3.13B). 
Having optimised the Nocodazole regrowth assay, I looked at the microtubule regrowth 
capacity of oocytes depleted of PCM1 or Pericentrin (Figure 3.13C). Oocytes were fixed 
at 2.5 and 5 minutes following Nocodazole washout. Quantification of the total sum 
intensity of microtubules nucleated at each time point clearly showed that both PCM1 
and Pericentrin-depleted oocytes had reduced nucleating capacity, with significantly 
lower total microtubule intensities (Figure 3.13D). Analysis of the total microtubule 
volume also showed the same trend (Figure 3.13E).   
The site of nucleation was scored based on 3D image recording of the full microtubule 
mass and chromosomes. Images were analysed by tracking the microtubule filaments 
through the imaged Z stacks to the site of origin. The site of microtubule nucleation was 
primarily from aMTOCs in control oocytes, but nucleation was also visible around 
chromosomes in oocytes labelled with Pericentrin. In the case of control oocytes, this 
qualitative scoring may not accurately demonstrate the contribution of microtubule 
regrowth from the aMTOCs and the chromosome surface; however, it was clear that in 
the presence of aMTOCs, the majority of microtubules were emanating from the 
Pericentrin labelled aMTOC foci. In the absence of PCM1 and aMTOCs, microtubules 
were seen only around and radiating outward from chromosomes (Figure 3.13C and F).  
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Figure 3.13 In the absence of PCM1 and aMTOCs, microtubule regrowth is 
significantly compromised and originates from the chromosome surface.  
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(A) Live cell imaging of EB3-EGFP (green), CEP192-mCherry (magenta) and H2B-
iRFP (blue). Images show projections over a period of 5 minutes, immediately after 
NEBD. Scale bar shows 5 µm. 
(B) Immunofluorescence of α-tubulin (green) and Hoechst (magenta) in oocytes treated 
with DMSO or Nocodazole. Left side panels show oocytes following DMSO or 
Nocodazole treatment. Right side panel shows oocytes following Nocodazole washout 
and after regrowth for 1 hour (h). Scale bar shows 5 µm. 
(C) Immunofluorescence of microtubule regrowth following 1-hour Nocodazole 
treatment. Time shows minutes (min) from Nocodazole washout. Oocytes 
overexpressing TRIM21 and microinjected with control, anti-PCM1 or anti-Pericentrin 
antibody.  Scale bar shows 5 µm. 
(D) Quantification of normalised sum microtubule fluorescence intensity (α-tubulin) at 
2.5 and 5 minutes (min) from Nocodazole washout.  
(E) Quantification of total microtubule volume (α-tubulin) at 2.5 and 5 minutes (min) 
from Nocodazole washout.  
(F) Quantification of site of microtubule regrowth following Nocodazole treatment for 1 
hour and washout.  
Data from one experiment (D-F). Number of oocytes shown above the dataset. P values 
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Fluorescent photoactivation of α-tubulin is a useful method to assess poleward flux rate 
and the rate of microtubule turnover in order to investigate if microtubule dynamics are 
affected in the absence of PCM1 and aMTOCs. Microtubule flux can be described as the 
continuous movement of the microtubule lattice towards the minus-ends (spindle poles) 
(Figure 1.6, blue arrows), a mechanism that requires a steady state depolymerisation / 
polymerisation at the two ends of the microtubules. Photoactivation of low or no 
fluorescence of a labelled protein is achieved by the irradiation of a specific wavelength 
that converts the photoactivable molecules into a higher fluorescence state (Lukyanov et 
al., 2005).  
Microtubule dynamics based on the measured flux rate between the different 
experimental groups, i.e. the displacement of the photoactivated α-tubulin molecules 
within the spindle microtubule lattice over time, showed comparable results (Figure 
3.14A-B). This could indirectly suggest that microtubule associated proteins that are 
known to contribute to microtubule flux, such as Kinesin-5, still function at a comparable 
rate (Peterman & Scholey, 2009). This is also in line with the fact that in the absence of 
PCM1 and aMTOCs, mouse oocyte are still able to form a bipolar spindle structure, a 
known function of Kinesin-5 (Waitzman & Rice, 2014). Measurement of the half-life of 
fluorescence α-tubulin signal dissipation were also comparable in the absence of PCM1 
and aMTOCs (Figure 3.14C-E).  
While microtubule flux rate was not affected by the depletion of PCM1, EB3 plus-tip 
tracking revealed a significant increase in microtubule growth rate when PCM1 or 
Pericentrin was depleted (Figure 3.14H). All oocytes analysed for microtubule growth 
rate were also injected with CEP192 to ensure depletion efficiency and confirmed the 
loss of aMTOC fluorescence signal in both PCM1 and Pericentrin-depleted oocytes 
(Figure 3.14F). It is important to mention however, that microtubule growth velocities 
were only measured in one experiment and should be repeated to confirm the observed 
trend.  
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Figure 3.14 Microtubule growth rate is increased in the absence of PCM1 and 
aMTOCs 
(A) Examples of single-section, time-lapse imaging of mPA-GFP-α-tubulin 
photoactivation in oocytes overexpressing TRIM21 and microinjected with either 
control, anti-PCM1 or anti-PCNT antibody. Time shows seconds (s) from 
photoactivation. Scale bar shows 5 µm. 
(B) Quantification of microtubule flux rate in oocytes overexpressing TRIM21 and 
microinjected with either control, anti-PCM1 or anti-PCNT antibody. 
(C) Quantification of photoactivated tubulin fluorescence signal dissipation half-life in 
oocytes overexpressing TRIM21 and microinjected with either control, anti-PCM1 or 
anti-PCNT antibody. 
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(D-E) Distribution of photoactivated tubulin fluorescence signal dissipation half-life in 
oocytes overexpressing TRIM21 and microinjected with either control, anti-PCM1 or 
anti-PCNT antibody. Half-life values and coefficient of determination (R^2) of the single 
exponential curves fitted are shown in table (E). 
(F) Live cell imaging of EB3-EGFP (green) and CEP192-mCherry (magenta) in oocytes 
overexpressing TRIM21 and microinjected with either control, anti-PCM1 or anti-PCNT 
antibody. Images show projections over a period of 2 minutes. Scale bar shows 5 µm. 
(G) Live cell imaging of EB3-EGFP (green) in oocytes overexpressing TRIM21 and 
microinjected with either control, anti-PCM1 or anti-PCNT antibody. Boxed regions are 
magnified on the right. Scale bar shows 5 µm and 1 µm for magnified images. 
(H) Distribution of astral-like microtubule growth rate in oocytes overexpressing 
TRIM21 and microinjected with either control, anti-PCM1 or anti-PCNT antibody. 
Data from one experiment. Number of oocytes shown above the dataset. P values were 
calculated with Student’s t test (B-D, H).  
 
3.12 Microtubule nucleation is dependent on RanGTPase 
activity in the absence of aMTOCs. 
Evidence from previous studies revealed that RanGTPase microtubule nucleation plays 
an important role in spindle microtubule assembly during meiosis, in combination with 
aMTOCs (Dumont et al., 2007; Schuh & Ellenberg, 2007), serving as the main 
nucleating pathway around chromosomes in the absence of centrosomes or other MTOCs 
(Carazo-Salas et al., 1999; Holubcová et al., 2015).  Following the observation that 
PCM1 is essential for the structural integrity of aMTOCs throughout meiosis, an obvious 
question is to elucidate the mechanism that allows microtubules to nucleate in their 
absence, and whether these oocytes can switch to RanGTPase activity, as shown in 
somatic cells (Carazo-Salas et al., 1999). 
Ran(T24N) is a dominant-negative mutant with a low affinity for GTP/GDP binding, and 
as a result inhibits RCC1, Ran guanine nucleotide exchange factor activity and the 
formation of active RanGTP (Carazo-Salas et al., 2001; Klebe et al., 1995). 
Microinjecting the mutant Ran(T24N) recombinant protein into control and aMTOC 
depleted oocytes revealed that nucleation of the meiotic spindle in mouse oocytes is 
dependent on both pathways (Figure 3.15A). While all aMTOC-free (Pericentrin-
depleted) oocytes with BSA microinjection could nucleate spindle microtubules at a 
reduced rate, only one oocyte in the Ran(T24N) microinjected group showed any 
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microtubule nucleation, with a delay of over 8 hours following NEBD (Figure 3.15A-C). 
This observation is also in agreement with the microtubule regrowth assay showing 
microtubule growth originating only from the chromosome surface in the absence of 
PCM1 and aMTOCs (section 3.11).  
Overall, this data suggest that the RanGTP-dependent microtubule nucleation pathway 
has an essential role in mouse oocytes, as shown previously (Schuh & Ellenberg, 2007). 
The results show that in the absence of aMTOCs, oocytes fully rely on GTP-bound Ran-
induced microtubule nucleation from the chromosome surface.  
 
 
Figure 3.15 RanGTPase mediated microtubule nucleation plays a primary role in 
the absence of aMTOCs in mouse oocytes. 
(A) Examples from time-lapse imaging of oocytes overexpressing TRIM21, H2B-
mCherry and MAP4-mEGFP and microinjected with anti-Pericentrin antibody and BSA 
or RAN(T24N). Time shows hours (h) and minutes (min) from NEBD (time 0). Scale bar 
shows 5 µm.  
(B) Oocytes overexpressing TRIM21 and microinjected with anti-Pericentrin antibody in 
combination with BSA or RAN(T24N) were scored for the frequency of oocytes that 
nucleated microtubules following NEBD. 
(C) Timing of the onset of microtubule nucleation is shown in minutes (min). 
Data from two independent experiments (B-C). Number of oocytes shown above the 
dataset or in brackets. P values were calculated with Student’s t test (C) or Fisher’s exact 
test (B). Images were taken by Chun So, Schuh lab. 
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 RESULTS: PART II 
TACC3: important assembly factor for MSPD formation in 
acentrosomal mouse oocytes.  
4.1 Overview  
One of the main limitations of the mouse model was that the functions of PCM1 and 
aMTOCs could not be separated, due to its interdependence with Pericentrin. Centrioles 
and pericentriolar material inheritance differ between mammalian species, and one 
possibility was to look at oocytes that lack MTOCs. Although mouse oocytes lack 
centrioles, they do form foci of PCM and γ-tubulin that act as aMTOCs and these are 
considered to be the main sites of microtubule nucleation (Schuh & Ellenberg, 2007). 
However, pig (porcine), cow (bovine), sheep  and human oocytes have different 
distributions of γ-tubulin, with no cytoplasmic or spindle pole foci detected (Holubcová 
et al., 2015; Guen & Crozet, 1989; Lee et al., 2000; Long et al., 1993). In the absence of 
any detectable MTOCs, microtubules start accumulating around the chromatin clusters 
following NEBD, and γ-tubulin  localises  along microtubules in the meiotic spindle 
(Holubcová et al., 2015; Lee et al., 2000).  In the absence of MTOC foci, one can further 
investigate a specific function of the centrosomal proteins previously identified as 
forming the unique meiotic spindle pole domain in mouse oocytes. Most importantly, one 
can also investigate if this is a conserved domain among mammalian species, as meiotic 
spindle assembly of mouse oocytes is considered to be more of an exception in many 
aspects. 
Porcine oocytes were a promising starting point; however, the main limitation of this 
system is that the oocytes are highly opaque, filled with lipid droplets. This resulted in 
variable immunofluorescence staining. The Trim-Away method also had to be first 
optimised to confirm efficient depletion. The other possibility was to work with human 
oocytes. As I was setting up the research satellite lab at Bourn Hall Clinic, I started 
optimisation of the Trim-Away method as well as screening all the centrosome 
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associated antibodies tested in mouse oocytes. Immunofluorescence of γ-tubulin and 
other aMTOC markers (Pericentrin, CDK5RAP2) (Figure 4.8) all supported the 
previously described absence of MTOC foci in human oocytes (Holubcová et al., 2015). 
Dean Clift from our lab had previously shown that PCM1 does localise to the meiotic 
spindle in human oocytes and therefore could have a meiosis-specific role, which is 
conserved between mouse and aMTOC free oocytes.  
The initial centrosomal localisation screen by Dean Clift, which included the unique 
spindle domain formed by the tested pericentriolar satellite proteins (Figure 3.1), was 
expanded in a collaboration with Chun So (Table 4.1, Figure 4.1 and Figure 4.2). 38 
targets representing 9 different groups of proteins related to the centrosome or spindle 
pole in mitotic cells were systematically selected and investigated (Table 4.1). The 
localisation of these proteins was analysed and confirmed by immunofluorescence, live-
cell imaging, or both, wherever possible. Proteins within the same group mostly showed 
a similar pattern of localisation (Figure 4.1 and Figure 4.2). Most of the centriolar and 
linker fibre proteins showed either no localisation or only localised to aMTOCs in 
prophase, and were absent from aMTOCs following NEBD, consistent with previous 
evidence that MTOCs in mouse oocytes are acentriolar (Figure 4.1). Pericentriolar wall 
and pericentriolar material proteins, regulatory kinases and dynactin mostly localised to 
aMTOCs (Figure 4.2). In addition to the pericentriolar satellite proteins, several other 
centrosomal proteins (clathrin, ch-TOG, KIZ and TACC3) and dynein cargo adaptors 
(Hook3, Nde1 and Ndel1) were also found in the meiotic spindle pole domain (MSPD) 
(Figure 4.2). Overall, the localisation of canonical centrosomal and spindle pole proteins 
were found either at aMTOCs or the MSPD. 
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Table 4.1 List of centrosomal and spindle pole associated proteins tested in mouse 
oocytes. 
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Figure 4.1 Localisation of centrosomal proteins in mouse meiosis I spindles.  
Examples showing EGFP-CENPJ, EGFP-SAS6, mEGFP-CROCC, EGFP-LRRC45 
(images taken by Dean Clift), mEGFP-Cep290, Cep135 (images taken by Chun So), 
CETN2-mEGFP and EGFP-PARD6α (images taken by Dean Clift). Numbers at top left 
corner correspond to Table 4.1. Scale bar shows 5 µm.  
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Figure 4.2 Centrosomal and spindle pole protein localisation in mouse oocytes.  
Examples showing centrosomal or spindle pole proteins in green and microtubules or 
chromosomes in magenta (n≥3 oocytes). Images taken by Chun So, Dean Clift and 
Bianka Seres. Numbers at top left corner correspond to Table 4.1. Scale bar shows 5 µm. 
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Based on the initial results, we planned experiments to further dissect the role of this 
domain in mouse meiosis and investigate whether this is a conserved domain in human 
oocytes, a naturally MTOC-free system. All antibodies were first tested and optimised in 
mouse oocytes by Chun So. While this does not guarantee that the tested antibody will 
work in human oocytes, it increases the chances that it will recognize the native protein 
and work for Trim-Away depletion. 
We were particularly interested in TACC3, as it is known to have an important function 
in regulating microtubule growth rate and also known to stabilise K-fibres via 
interactions with other components also found in the MSPD, such as clathrin and ch-
TOG (Figure 4.2) (Booth et al., 2011; Cheeseman et al., 2013; Hood et al., 2013). 
Following Trim-Away depletion, it became clear that TACC3 is essential for the 
localisation of all tested components of the MSPD and we therefore decided to 
characterise it further. At this point I had already moved to Bourn Hall to set up the 
research lab and to optimise live cell imaging of human oocytes as well as the Trim-
Away method for endogenous protein depletion. The TACC3 part of the project was a 
team effort with Chun So, who was working on mouse oocytes in Germany. All 
experiments were designed and analysed jointly. As I had only the Light-sheet system 
available at this location, I carried out all experiments on human oocytes myself and for 
immunofluorescence samples, these were prepared by myself at Bourn Hall and 
subsequently sent to Germany for imaging by Chun So.  For the data involving mouse 
oocytes, I participated in the planning of experiments and data analysis and 
interpretation.  Data presented here is relevant to the previously described MSPD and 
aMTOC properties (Chapter 3: Results: Part I) and the MTOC free human oocyte system, 
although our investigations were more extensive. Some of the extended data is included 
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4.2 TACC3 is essential for the MSPD in mouse oocytes  
It is now well established that centrosomes in mitotic cells include a large number of 
proteins and protein complexes that  are highly organised,  as opposed to being 
amorphous as previously described (section 1.5.4.142) (Lawo et al., 2012). Organisation 
of the PCM and pericentriolar satellites is highly dynamic throughout mitosis and follows 
a hierarchical recruitment with continuous remodelling (Dammermann & Merdes, 2002; 
Lawo et al., 2012). In C.elegans, the PCM was described as a two component system, 
with a main scaffold recruiting other PCM components referred to as “PCM clients” 
(Woodruff et al., 2017).  
In order to investigate if the aMTOCs and the MSPD components show a similar 
‘scaffold-client’ relationship in the meiotic spindles of mouse oocytes, we first looked at 
the dynamics of four MSPD and four aMTOC components (Figure 4.3). In vivo, proteins 
form dynamic macromolecular complexes and their turnover is determined by the 
stability of their interactions as well as by diffusion within the cytoplasm. Using 
fluorescence recovery after photobleaching (FRAP), a method used to examine protein 
turnover in vivo, a small region of interest is bleached and fluorescent recovery is 
measured (Fritzsche & Charras, 2015). Quantification of the half time of fluorescence 
recovery (t1/2) and the fraction of protein that appears mobile within the measured time 
scale, i.e. able to recover compared to the total initial protein pool (mobile fraction, MB) 
indicates if a protein is mobile or not.  This information about protein dynamics can be 
extracted from the FRAP curve as shown in Figure 4.3.   
Using FRAP, we were able to show that the previously described scaffold complex of 
Pericentrin, CEP192 and CDK5RAP2 which had been shown to recruit other PCM 
components (Barr et al., 2010; Choi et al., 2010; Gomez-Ferreria et al., 2007; Kim & 
Rhee, 2014; Zhu et al., 2008) did not recover after photobleaching (Figure 4.3). The 
recovery kinetics of Aurora A however was different, with over 50% of the Aurora A 
population free moving (Figure 4.3). On the other hand, components of the MSPD 
(TACC3, ch-TOG, clathrin and PCM1) showed a similar rate of recovery, TACC3 
representing the smallest mobile fraction.  
 Chapter 4: Results: Part II  
 
  127 
 
These results suggest that aMTOC core components (Pericentrin, CEP192 and 
CDK5RAP2) in mouse oocytes adopt a hierarchical relationship that is similar to that 
described in mitotic cells. 
 
 
Figure 4.3 Quantification of FRAP of selected PCM and MSPD proteins in live 
mouse oocytes.  
Fluorescence recovery after photobleaching (FRAP) of selected PCM and MSPD 
proteins in live mouse oocytes, co-expressing fluorescent reporter(s) of interest and H2B-
miRFP. Half-times of maximum recovery (t1/2) and mobile fractions (MF) are shown ± 
standard deviation (SD). Data from two independent experiments. Number of oocytes 
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TACC3 has been previously reported to play a role in K-fibre stability (Booth et al., 
2011; Cheeseman et al., 2013; Hood et al., 2013) and we therefore decided to 
characterise this protein further. Considering that its other interacting partners ch-TOG 
and clathrin were both found in the same domain (Figure 4.2), we hypothesised that 
TACC3 may have an important function in the MSPD. Live cell imaging and 
immunofluorescence confirmed that TACC3 is recruited and localises in a similar 
manner to the previously described PCM1 (compare Figure 3.2, p87 and Figure 4.4A-D). 
While it initially localises to the inner part of the aMTOCs in prophase (Figure 4.4B-C), 
TACC3 is released from the aMTOCs associated with the nuclear envelope (NE) after 
NEBD (Figure 4.4D) and infiltrates the spindle microtubules during bipolar spindle 
formation (Figure 4.4A-D). At this point, TACC3 is no longer localised within the 
aMTOCs at the spindle poles (Figure 4.4B, merge panel, boxed region). 
Importantly, TACC3-depletion via the Trim-Away method showed no spindle pole 
localisation of the other tested components of the MSPD (Figure 4.4E), which suggested 
that TACC3 acts as a central MSPD platform. Its role as a potential scaffold or main 
recruiter of the MSPD component is also suggested by the FRAP curve results, showing 
that TACC3 has the lowest mobile fraction from the other tested MSPD components 
(Figure 4.3). 
 Chapter 4: Results: Part II  
 
  129 
 
 
Characterisation of a novel spindle domain in mammalian meiosis 
 
130   
 
Figure 4.4 TACC3 localisation in mouse oocytes and Trim-Away depletion.  
(A) Live cell imaging of TACC3 localisation in mouse oocytes undergoing meiosis I. 
Oocytes overexpressed TACC3-mEGFP (green) and CEP192-mCherry (magenta) to 
label aMTOCs. Time shows hours (h) and minutes (min) from NEBD. Scale bar shows 5 
µm. 
(B) Immunofluorescence of TACC3 localisation at different time points during meiosis I. 
aMTOCs are labelled with anti- Pericentrin. Boxed regions are magnified in the right 
corner. Scale bar shows 5 µm. 
(C) Immunofluorescence of TACC3 in prophase mouse oocytes. Examples showing 
aMTOCs labelled with anti-Pericentrin in cytoplasm or on the nuclear envelop (NE) prior 
to NEBD. Scale bar shows 5 µm. 
(D) Live cell imaging of TACC3 localisation in mouse oocytes undergoing nuclear 
envelope breakdown. Oocytes overexpressed TACC3-mEGFP (green) and CEP192-
mCherry (magenta) to label aMTOCs. Time shows hours minutes (min) from NEBD. 
Scale bar shows 5 µm. 
(E) Oocytes overexpressing TRIM21 mRNA and microinjected with either control IgG 
or anti-TACC3 antibody were allowed to mature to the MI stage and fixed. 
Immunofluorescence of selected MSPD components (green), α-tubulin (magenta) and 
chromosomes (blue) are shown. Scale bar shows 5 µm. 
(Images taken by Chun So). 
 
4.3 MSPD localisation is dependent on aMTOCs 
High resolution three-dimensional live cell imaging of TACC3 and CEP192 suggested 
that full spindle pole localisation was completed only after aMTOCs sorted to the two 
spindle poles (Figure 4.4A). In order to test if aMTOCs are indeed required for the 
formation of the MSPD, which was also suggested from the PCM1 results (Figure 3.12), 
we planned three different experiments. We first looked at RanGTP inhibition alone 
(Figure 4.5A-B), as inhibition of the RanGTP pathway resulted in the monopolar 
distribution of aMTOCs (Figure 4.5C). The asymmetric distribution of aMTOCs 
provided a good experimental design to test if the MSPD can form at the aMTOC free 
spindle pole. Indeed, TACC3 in oocytes microinjected with Ran(T24N) mirrored the 
asymmetric distribution of aMTOCs (Figure 4.5A and C), with the characteristic spindle 
pole protrusions forming only at the spindle pole that contained the over clustered 
aMTOC (Figure 4.5A).  
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In a separate experiment, we looked at microtubule regrowth following Nocodazole 
washout at the late MI stage (once the bipolar spindle was fully formed) and imaged 
oocytes overexpressing CEP192/MAP4 and TACC3 live (Figure 4.5D). As the spindle 
collapsed and all microtubules depolymerised, aMTOCs clustered together (Figure 4.5D, 
time 0). Following Nocodazole washout, spindle microtubules started to nucleate and the 
bipolar spindle formed quickly. In some cases, the aMTOCs had to be redistributed to the 
two poles as it initially formed an asymmetric, monopolar localisation (Figure 4.5D, time 
0:12 and 1:00). Capturing this reorganisation live, showed that TACC3/MSPD trafficked 
together with aMTOCs and was redistributed to the second pole resulting in a bipolar 
distribution (Figure 4.5D).  
In order to show that the MSPD is indeed aMTOC-dependent, we repeated Pericentrin-
depletion, this time imaging fluorescently labelled TACC3 live (Figure 4.5E). High 
resolution live cell imaging revealed that TACC3 could no longer assemble the spindle 
pole domain (Figure 4.5E-F), although on closer observation a small population of 
TACC3 could be seen to localise along the spindle microtubules. Quantification of 
TACC3 mean fluorescent intensity in live oocytes depleted of Pericentrin also showed 
that the majority of TACC3 is no longer associated with the spindle (Figure 4.5G). 
However, there was a slight increase of mean TACC3 intensity over time, suggesting that 
a second population is independent of aMTOC recruitment (Figure 4.5G). We 
hypothesized that this population might be linked to K-fibres as previously described 
(Booth et al., 2011; Cheeseman et al., 2013; Hood et al., 2013). Indeed, 
immunofluorescence of cold treated oocytes confirmed that TACC3 co-localised with α-
tubulin in cold-stable K-fibres (Figure 4.5H).   
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Figure 4.5 MSPD is dependent on aMTOCs. 
(A) Examples from time-lapse imaging of oocytes overexpressing H2B-iRFP and 
MAP4/CEP192-mCherry and TACC3-mEGFP, microinjected with BSA or RAN(T24N). 
Time shows hours (h) and minutes (min) from NEBD (time 0). Scale bar shows 5 µm. 
(B-C) Oocytes microinjected with BSA or RAN(T24N) were scored for the frequency of 
monopolar distribution of aMTOCs (B) and TACC3 (C). Data from two independent 
experiments. Same data used to analyse both parameters. Number of oocytes shown 
above the dataset. P values were calculated with Fisher’s exact test.  
(D) Live cell imaging of TACC3 and CEP192 localisation of microtubule regrowth 
following 1-hour Nocodazole treatment at MI. Time shows hours (h) and minutes (min) 
from Nocodazole washout. Scale bar shows 5 µm. 
(E) Live cell imaging of oocytes overexpressing TRIM21, MAP4-mCherry and TACC3-
mEGFP and microinjected with either control IgG or anti-Pericentrin (Pcnt) antibody. 
Time shows hours (h) and minutes (min) from NEBD (time 0). Scale bar shows 5 µm. 
(F) Examples from time-lapse imaging of oocytes overexpressing TRIM21 and TACC3-
mEGFP and microinjected with either control IgG or anti-Pericentrin (Pcnt) antibody. 
Boxed regions are magnified on the right. Scale bar shows 5 µm and 1 µm for magnified 
images.  
(G) Quantification of normalised mean TACC3 fluorescence intensity (TACC3-mEGFP) 
over time (hours). Time 0 is the onset of microtubule nucleation. Oocytes overexpressing 
TRIM21 and TACC3-mEGFP were microinjected with either control IgG or anti-
Pericentrin (Pcnt) antibody. Data from two independent experiments. 
(H) Immunofluorescence of anti-TACC3 (green) and anti-α-tubulin (magenta). Oocytes 
were allowed to mature (7 hours post NEBD) and treated with cold prior to fixing. Scale 
bar shows 5 µm. 
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In order to further investigate the dynamics of the TACC3/MSPD, we looked at 
fluorescent photoactivation of TACC3 to assess its rate of decay and stability. We carried 
out live cell imaging of photoactivated TACC3-mPA-GFP in a small region of interest, 
between the metaphase plate and spindle pole (Figure 4.6A, time point 0). This showed 
that TACC3 dissipated bidirectionally and that the photoactivated TACC3-mPA-GFP 
quickly infiltrated the whole spindle (Figure 4.6A). We found that a two-component 
exponential curve gave the best fit for the decay rate (R^2 = 0.986 ± 0.012, Figure 4.6B-
C), with two distinct t1/2 values for a slow- (1.60 ± 1.54 min) and a fast-moving (0.24 ± 
0.28 min) population (Figure 4.6C). The difference between the t1/2 was around six-fold 
(Figure 4.6C). Previously it was shown that microtubules in mitotic spindles comprise 
two distinct populations, a short half-life of non-K fibre microtubules and a longer half-
life of K-fibre microtubules (Q.-H. Zhang et al., 2017). Considering that TACC3 is also 
associated with K-fibres in meiotic mouse spindles (Figure 4.5H), the two distinct t1/2 
measured could mean that TACC3 may have a more dynamic population forming the 
aMTOC-dependent MSPD and a slower, K-fibre associated population that is aMTOC 
independent. Consistent with this, the t1/2 value for the ‘slow’ component was similar to 
that of K-fibres measured in meiotic spindles at the MII stage (2.5 ± 0.5 min) (Q.-H. 
Zhang et al., 2017). 
Overall, we show that the TACC3/MSPD, is dependent on aMTOCs at the spindle poles 
and aMTOC-free mouse oocytes (Pericentrin-depleted) could no longer form the pole 
domain protrusions (Figure 4.5 and Figure 4.7). This is consistent with our previous data 
looking at PCM1 previously (Figure 3.12). Our results also suggest that there are two 
distinct TACC3 spindle populations, aMTOC-dependent MSPD and aMTOC-
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Figure 4.6 TACC3 dynamics show two distinct protein populations in the mouse 
meiotic spindle.  
(A) Examples of single-section, time-lapse imaging of TACC3 photoactivation of 
oocytes overexpressing TACC3-mPA-GFP (images taken by Chun So). Time shows 
seconds (s) from photoactivation. Scale bar shows 5 µm.  
(B) Quantification of photoactivated TACC3 fluorescence signal dissipation in oocytes 
overexpressing TACC3-mPA-GFP. Time shows seconds (s) from photoactivation. 
(C) Distribution of photoactivated TACC3 fluorescence signal dissipation half-life in 
oocytes overexpressing TACC3-mPA-GFP. Coefficient of determination (R^2) are 
shown ± standard deviation. Data from two independent experiments. Number of oocytes 
shown above the dataset. P values were calculated with Student’s t test. 
 
 
Figure 4.7 Schematic representation of the different populations of TACC3. 
Bipolar spindle structure on the left, showing the native structure of a mouse meiotic 
spindle, with the microtubule organising centres (MTOCs, pink) and the meiotic spindle 
pole domain (MSPD, green) protrusions marking the spindle poles. MTOC free 
(Pericentrin-depleted) mouse meiotic spindle is shown on the right, where both MTOCs 
and MSPD protrusions at the spindle poles are absent. The highlighted lines point to the 
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4.4 MSPD protrusions are absent in human oocytes 
It was previously shown that similar to other mammalian species, such as cow, pigs and 
sheep, human oocytes not only lacked canonical centrioles but also any PCM foci that 
could act as the main microtubule organising centres during meiosis (Holubcová et al., 
2015). Consistent with this, in the absence of prominent MTOCs, human oocytes rely on 
the RanGTP mediated microtubule nucleation pathway (Holubcová et al., 2015).  
We showed that the newly described spindle pole domain (MSPD) in mouse oocytes is 
dependent on the aMTOCs (Figure 4.5). Therefore, we wanted to further investigate 
whether this domain is present in human oocytes, which according to our currently 
knowledge, are naturally MTOC free.  
We first tested the available antibodies that showed specificity in mouse oocytes in order 
to map their localisation pattern in human oocytes (Figure 4.8). Unlike the mouse, all 
tested PCM, pericentriolar satellite and regulatory kinases localised to the meiotic 
spindle, apart from PLK1, which in addition to spindle also showed kinetochore 
localisation (Figure 4.8). As previously reported, no PCM foci were detected at the 
spindle poles, with only the microtubule-associated γ-tubulin population distinguished 
(Figure 4.8).  
 
Figure 4.8 Immunofluorescence of centrosomal and spindle pole protein localisation 
in human MI oocytes.  
Human oocytes were fixed 15h post NEBD and stained for different spindle proteins 
(green) (n= 1 or 2 oocytes). Hoechst staining is shown in magenta. Scale bar shows 5 
µm. (Images taken by Bianka Seres and Chun So). 
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Components of the MSPD, previously identified in mouse oocytes, all showed a more 
homogeneous spindle localisation, with no micron-sized spindle pole protrusions present 
(Figure 4.8 and Figure 4.9). High resolution three-dimensional live cell imaging of 
fluorescently labelled TACC3 (Figure 4.9A) and immunofluorescence of endogenous 
TACC3 (Figure 4.9B) in human oocytes showed initial recruitment of TACC3 to 
microtubules. Consistent with this observation, the time of TACC3 recruitment (4.4 ± 1.5 
h post NEBD) was comparable to the time of microtubule nucleation previously reported 
by Holubcová et al. (2015) (4.7 ± 1.4 h post NEBD). During bipolar spindle formation, 
TACC3 showed stronger localisation at the spindle poles. Just before anaphase, as 
chromosome alignment was achieved, TACC3 distributed homogeneously within the 
meiotic spindle. Consistent with mouse oocyte data, TACC3 also localised to K-fibres in 
human oocytes (Figure 4.9F).  
Together, it is evident from both live cell imaging and immunofluorescence that TACC3 
did not form the spindle pole protrusions characteristically seen in the presence of 
aMTOCs in mouse oocytes, in both aMTOC-free mouse spindles (depleted of 
Pericentrin) and MTOC-free human oocytes (Figure 4.9E). Together with the 
immunfluorescence images showing K-fibre localisation of TACC3 (Figure 4.5H and 
Figure 4.9F), this suggests that while the TACC3-mediated MSPD protrusions do not 
appear to be conserved in the absence of aMTOCs (also shown by PCM1 and clathrin, 
Figure 4.8 and Figure 4.9E), the aMTOC-independent population of TACC3 that is 
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Figure 4.9 The MSPD pole protrusions are absent in aMTOC free human oocytes. 
(A) Live cell imaging of TACC3 localisation in human oocyte undergoing meiosis I. 
Oocytes overexpressed TACC3-mClover (green) and H2B-mCherry (magenta). Time 
shows hours (h) and minutes (min) from NEBD. Images were taken via the Lightsheet 
Z.1 microscope. Scale bar shows 5 µm. 
(B) Immunofluorescence of TACC3 (green) localisation at different time points during 
meiosis I of human oocytes (images taken by Chun So). Microtubules, labelled with α-
tubulin are shown in magenta and Hoechst in blue. Boxed regions are magnified on the 
right, showing spindle poles in MI and MII oocytes (D). Scale bar shows 5 µm. (images 
taken by Chun So) 
(C) Quantification of time of TACC3 recruitment from live oocytes overexpressing 
TACC3-mClover as shown in (A). Time is shown in hours (h) from NEBD. 
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(E) Immunofluorescence of TACC3 (green) and α-tubulin (magenta) of mouse and 
human oocytes (apart from the PCM1, images taken by Chun So). Mouse oocyte 
examples showing wild type MI spindle on the left and Pericentrin-depleted MI oocytes 
on the right. Human oocyte examples showing anti-TACC3 and anti-PCM1 (images 
taken via the Lightsheet Z.1) localisation in MI spindles (15h post NEBD). Boxed 
regions are magnified above, showing spindle poles. Scale bars show 5 µm. 
(F) Immunofluorescence of anti-TACC3 (green), anti-α-tubulin (magenta) and 
kinetochores (blue) (images taken by Chun So). Oocytes were allowed to mature (15 
hours post NEBD) and treated with cold prior to fixing. Scale bar shows 5 µm. Boxed 
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4.5 TACC3 localisation is microtubule-dependent in human 
oocytes 
In order to investigate if TACC3 localisation is dependent on microtubules, 
depolymerisation assays using Nocodazole and Colcemid were tested. My initial choice 
was to test Nocodazole, a synthetic tubulin-binding agent that depolymerises 
microtubules, as this worked reliable in mouse oocytes Figure 3.13B). Suprisingly, I was 
not able to disrupt microtubules with 10 µM Nocodazole treatment, even with prolonged 
incubation time (Figure 4.10A). In contrast, 1 µM Nocodazole gave good 
depolymerisation efficiency in mouse oocytes (Figure 3.13B). While microtubule 
dynamics may have been affected by the prolonged Nocodazole treatment, it was evident 
that human spindle microtubules were resistent to this tubulin-binding agent.  
As an alternative method, I decided to test Colcemid, another known drug with 
microtubule depolymerising effects (Figure 4.10B). Human oocytes treated with 
Colcemid quickly depolymerised all microtubules, within minutes (Figure 4.10B). To 
ensure that following Colcemid washout microtubules can reassemble, I imaged the 
treated oocyte live, in Colcemid-free medium (Figure 4.10B). While the oocyte could 
form a bipolar spindle, this took over one hour. Microtubules started to nucleate within 
the chromosome mass, around 45 minutes following Colcemid washout. Spindle 
microtubules quickly ejected two poles.    
Having tested the conditions that achieved efficient depolymerisation of microtubules, I 
wanted to assess if TACC3 localisation is dependent on microtubules (Figure 4.10C). 
Live cell imaging showed that TACC3 localistion was lost within 5-7 minutes of 
Colcemid treatment, which coinside with the time it took to depolymerise all 
microtubules (Figure 4.10B). To ensure that TACC3 was not sequestered away from the 
spindle once microtubules were gone and perhaps could form cytoplasmic aggregates or 
foci, I scanned through the entire oocyte, which showed only homogenious  cytoplasmic 
localisation of TACC3 (Figure 4.10D).  
Overall, these experiemnts revealed an unusual characteristic of human oocyte 
microtubules, showing resistance to Nocodazole treatment but highly prone to Colcemid 
mediated depolymerisation. It is also evident that TACC3 localisation to the meiotic 
spindle is indeed microtubule-dependent in human oocytes. 
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Figure 4.10. Microtubule dependence of TACC3 localisation 
 (A) Live cell imaging of human oocyte overexpressing MAP4-EGFP (green) and H2B-
mCherry at meiosis II. Oocyte was treated with 10 µM of Nocodazole. Time shows 
minutes (min) from Nocodazole treatment.  
(B) Live cell imaging of human oocyte overexpressing MAP4-EGFP (green) and H2B-
mCherry at meiosis II. Oocyte was treated with 10 µM of Colcemid. Time shows minutes 
(min) from Nocodazole treatment. Small image series show microtubule regrowth 
following Colcemid washout. Time indicates minutes (min) from washout.  
(C) Live cell imaging of TACC3 localisation in human oocyte at meiosis I (15h post 
NEBD). Oocyte overexpressed TACC3-mClover (green) and H2B-mCherry (magenta), 
treated with 10 µM of Colcemid. Time shows minutes (min) from Colcemid treatment.  
(D) Live cell example of full oocyte (maximum projection of 185 Z stacks, 90 µm) 
treated with 10 µM of Colcemid.  
Images were taken via the Lightsheet Z.1 microscope. Scale bars show 5 µm. 
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4.6 TACC3 is essential for spindle pole integrity in human 
oocytes 
We used the Trim-Away method in order to investigate the role of aMTOC-independent 
TACC3 in human oocytes that localised to the meiotic spindle microtubules and K-
fibres. Translation is highest during prophase arrest; therefore, oocytes are microinjected 
with mRNA reporters at this stage. For mouse oocytes, dbcAMP can be used to 
synchronise NEBD (section 1.4.2, p22) and ensure comparable expression levels. 
However, resumption of human oocyte meiosis from samples collected as part of the 
clinical IVF cycle cannot be synchronised. Therefore, overexpression of microinjected 
mRNA in human oocytes is achieved at various levels, depending on the time of exit 
from prophase arrest. A more reliable approach to ensure comparable protein levels, is to 
microinject recombinant proteins directly into oocytes. In the case of the Trim-Away 
method, this was an important optimisation to ensure that TRIM21 protein levels and 
depletion of endogenous proteins are reproducible and comparable between experiments. 
Microinjection of human, His-Lipoyl-TRIM21  protein (Clift et al., 2017) into oocytes, 
successfully depleted endogenous TACC3 using the specific anti-TACC3 antibody 
(Figure 4.11A). This method allowed depletion of an endogenous protein in human 
oocytes for the first time.   
TACC3-depleted oocytes were examined via immunofluorescence, which facilitates a 
more detailed, high-resolution imaging (Figure 4.11). Oocytes were depleted in prophase 
arrest and fixed at late MI stage (15h post NEBD as previously shown by Holubcová et 
al. 2015). While all oocytes microinjected with control IgG antibody formed bipolar 
spindles, suprisingly around 60% of TACC3-depleted oocytes assembled either 
multipolar spindles or showed spindle pole fragmentation (Figure 4.11A-B). The total 
amount of nucleated microtubules and spindle volume was comparable to control oocytes 
(Figure 4.11C-D). However, spindle microtubule morphology appeared to be 
unorganised, with microtubule bundles  radiating abnormally from spindle poles in 
TACC3-depleted oocytes compared to the ordered, paralell organisation seen in control 
oocytes (Figure 4.11E). By measuring the total surface area of microtubules per unit of 
volume (SA:V ratio), this phenotype could be quantitatively described, showing that the 
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unorganised TACC3-depleted spindles had a significantly higher SA:V ratio compared to 
the control group (Figure 4.11F).   
Similar to mouse oocytes (Figure 4.5H), TACC3 also localises to K-fibres in human 
oocytes (Figure 4.9F and Figure 4.11G). Consistent with the total spindle microtubule 
amount and volume, K-fibre total intensity and volume was not affected in TACC3-
depleted oocytes (Figure 4.11H-I), although its morphology was again visibly different 
and radiated outwards compared to control spindles (Figure 4.11G). 
Overall, we could for the first time carry out a functional study in human oocytes using 
the antibody-based Trim-Away method. Our findings show that TACC3 has an essential 
role in spindle pole integrity in human oocytes and in its absence the organisation of the 
microtubule filaments within the full spindle volume is disrupted. 
 
 
Figure 4.11. TACC3 is essential for spindle pole integrity in human oocytes. 
 (A) Immunofluorescence of oocytes microinjected with His-Lipoyl-TRIM21 and either 
Control IgG or anti-TACC3 at the MI stage (15h post NEBD). Examples showing 
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bipolar, fragmented or multipolar spindle pole morphology, number of poles are 
highlighted with yellow arrows.  Scale bar shows 5 µm. 
(B) Quantification of fixed oocytes microinjected with His-Lipoyl-TRIM21 and either 
Control IgG or anti-TACC3 at the MI stage (15h post NEBD) were scored for the 
frequency of spindle pole morphology.  
(C-D) Quantification of normalised sum (C) and spindle volume (α-tubulin) (D). All 
oocytes were fixed at 15 hours post NEBD.  
(E) Immunofluorescence examples of microtubule organisation (α-tubulin) in MI oocytes 
microinjected with His-Lipoyl-TRIM21 and either Control IgG or anti-TACC3. Boxed 
regions are magnified on the right, showing microtubule bundles at the spindle poles (1) 
and within the spindle (2). Scale bar shows 5 µm. 
(F) Quantification of microtubule (α-tubulin) surface area to volume ratio in MI oocytes 
microinjected with His-Lipoyl-TRIM21 and either Control IgG or anti-TACC3.  
(G) Immunofluorescence of anti-TACC3 (green), α-tubulin (magenta) and Hoechst 
(blue). Oocytes microinjected with His-Lipoyl-TRIM21 and either Control IgG or anti-
TACC3 were allowed to mature (15h post NEBD) and treated with cold prior to fixing. 
Scale bar shows 5 µm. 
(H-I) Quantification of normalised sum (C) and spindle volume (α-tubulin). All oocytes 
were cold treated at 15 hours post NEBD and fixed. 
Data from five (B-D and F) and two (H-I) independent experiments. Number of oocytes 
shown above the dataset. P values were calculated with Student’s t test (C-D, F and H-I) 
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 RESULTS PART III 
Light-sheet microscopy: Establishing a novel tool for live 
visualisation of meiosis in human oocytes 
5.1 Overview  
Powerful microscopy techniques and the advent of fluorescent proteins for targeted 
labelling of intracellular molecules have revolutionised live-cell imaging (Chalfie et al., 
1994; Shaner et al., 2004). While it is possible to look at endogenous proteins and 
structures within cells via immunofluorescence and electron microscopy, these methods 
only give snapshot information and the specimens cannot be examined live. Biological 
processes are highly dynamic and therefore it is essential to look at interactions and 
molecular mechanisms in real time, in vivo. When studying the dynamic maturation of 
oocytes, high-resolution, 3D live-cell imaging has proven to be a powerful tool. 
However, one of the major limitations of live-cell imaging is phototoxicity (Icha et al., 
2017). 
Human oocytes in particular are a challenging system to work with for a number of 
reasons. First of all, meiosis in human oocytes takes a long period of time (23-26 hours) 
and the length of time-lapse imaging required to capture the temporal dynamics of this 
process is therefore much longer, compared to mouse oocytes (10-12 hours) (Holubcová 
et al., 2015; Schuh & Ellenberg, 2007). Secondly, fluorescent probes are required to label 
the specific components of the spindle apparatus. Human oocytes are extremely sensitive 
to light exposure and in the case of high-resolution live-cell imaging, the prolonged 
illumination of fluorophores generates free radicals upon photobleaching, leading to cell 
damage (Icha et al., 2017). In addition, oocytes are the largest cells in the human body, 
with a diameter of around 100-120 micron. This in itself, the imaging of a large, 
cytoplasm-filled sphere, represents some unique challenges.  
Laser scanning confocal microscopy offers an important improvement for live-cell 
imaging, as it enables optical sectioning of thick specimens (Whitehead et al., 2017). 
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Coupled with time-lapse imaging software, the 3D reconstruction of the digitalised 
images has proved to be an excellent tool for live-cell imaging of oocytes (Schuh & 
Ellenberg, 2007). In the case of human oocytes however, the frequency and length of 
time-lapse imaging has a detrimental effect on cell viability. Therefore, new tools are 
required to maintain the viability of the samples being imaged, while pushing the 
boundaries of spatiotemporal resolution of the acquired images.  
Light-sheet fluorescent microscopy (LSFM) has provided breakthroughs in a wide range 
of disciplines, including cell and developmental biology (Elisa et al., 2018). The concept 
of LSFM is very simple: it is essentially a wide-field microscope that illuminates the 
sample from the side, with the signal detected only from regions that are in focus. 
Therefore, total light exposure to the sample is reduced. The illumination and detection 
paths are separate, and the signal is collected by a camera. This provides a parallelized 
imaging process.  
The attraction of LSFM as an imaging tool for oocytes, lies in the exceptional speed of 
high-resolution image acquisition, with minimal exposure time and low phototoxicity 
(Elisa et al., 2018; Heddleston & Chew, 2016; Lim et al., 2014; Power & Huisken, 2017). 
Although good LSFM systems can be built and customised, we decided to start with the 
commercially available LSFM from Zeiss (Lightsheet Z.1). This system comes with a 
number of built-in advantages:  multi-view imaging gives flexibility for sample 
positioning, optimised optics allow homogeneously illuminated optical sections, and 
laser intensities can be set extremely low. This is all in a chamber that can maintain 
stable temperatures and humidity for optimal long-term imaging of live samples. 
This system was ideally designed for sample loading and imaging larger specimens, such 
as tissues, organs and even whole organisms with limited phototoxicity; however, this 
system was not ideally suited to image the small human oocytes live. Our first challenge 
was to design a custom-made sample loading method, which had to satisfy three main 
points:  
1. Oocytes must be reliably loaded into a culture medium, capable of maintaining 
development for 2-3 days. 
2. The spherical shape of the sample had to be considered, with movement avoided 
during acquisition.  
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3. Recovery of the oocyte/s following live-cell imaging in order to carry out further 
assays and immunofluorescence.  
The LSFM Z.1 is designed to hold the sample vertically, embedded in a cylindrical 
agarose mold. However, embedding the oocytes did not support oocyte development in 
our hands, and instead we designed a thin, vertical sample holder made of tantalum, a 
biocompatible, corrosion-resistant metal. A medical grade, thin tantalum sample holder 
has an imaging window cut out in the middle, and this is prepared in a sandwich layer of 
FEP film (13 µm thickness), which has the same refractive index as water (Figure 5.1) 
(Strnad et al., 2016). The original sample holder design was invented by Dr. Melina 
Schuh and Dr. Zuzana Holubcová in our lab. In this sample holder, the oocytes are 
cultured in pH stable medium, between the FEP – tantalum – FEP sandwich, and this is 
sealed with biocompatible silicone grease.  
 
Figure 5.1 LSFM sample holder design.  
 
While I had the prototype of the original sample holder to start with, this could not 
maintain oocyte viability, even during an overnight culture of mouse oocytes and at this 
point it was not clear why oocytes could not develop in this set up. Thus, in order to 
achieve reliable imaging of human oocytes, I decided to systematically test all essential 
components of oocyte culture, starting with optimisation of culture conditions. This 
included cytotoxicity analysis of all materials used, and validation of optimal 
temperature, medium, pH and osmolality conditions. Culture volumes, culture media 
osmolality and supplementation with additional antimicrobial reagent were the most 
crucial steps, as shown by the results. Once culture conditions in the LSFM chamber 
were suitable for reproducible mouse oocyte development, the acquisition parameters 
 Chapter 5: Results Part III  
 
  149 
 
were optimised, initially using mouse oocytes and frozen-thawed human oocytes. 
Overall, oocyte development was best supported by low exposure time and higher laser 
settings. After optimising sample loading, culture conditions and imaging settings, both 
mouse and human oocytes were successfully imaged to their full maturation stage 
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5.2 Design of new LSFM sample holder for oocytes 
The commercially available agarose embedded sample loading method designed by Zeiss 
was initially tested for oocytes. This method was not suitable to support long-term 
culture of these cells (preliminary optimisation did not yield viable oocytes). I initially 
tested the agarose embedded sample imaging with larger tissues and zebrafish embryos 
(Figure 5.2A), which gave homogeneously illuminated, high-resolution images. Using 
the thinnest capillary available to embed mouse oocytes did not result in clear and even 
images (images were not saved). Oocytes also moved around within the solidified 
agarose gel and due to their small size, there was a large excess of gel around the oocytes 
that probably created the blurring of the images. Recovery of oocytes following 
embedding was also not possible.  
 
 
In order to reliably load and recover oocytes from the imaging holder, we designed a 
vertical sample holder made out of Tantalum (Ta), a biocompatible and corrosion 
resistant metal. In order to achieve sharp and high-resolution images, it was important to 
find a very thin material that does not scatter or band light, i.e. has the same refractive 
index as the surrounding solution that the light sheet has to path through. The light-sheet 
chamber was filled with aqueous culture medium. We used a commercially available 
FEP film (13 µm thickness) that was previously suggested to have the same refractive 
Figure 5.2 Example images taken with the 
Lightsheet Z.1 using the agarose embedded 
sample holder setup. 
(A) Live imaging of part of a gonad from 12.5 E 
CAGTAG/B6129 embryo (sample provided by 
Chloe Charalambous, Schuh lab). Projection of 
126 Z stacks (1 µm thickness).  
(B) Immunofluorescence of zebrafish embryo 
head (sample provided by Carl Zeiss). Projection 
of 265 Z stacks of 0.5 µm thickness.  
Scale bars shows 50 µm. 
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index as water and had been successfully used in an inverted LSFM set up (Strnad et al., 
2016).  
The sample holder is prepared in a sandwich with two FEP foils cut to size, sealed with 
biocompatible silicone grease (Figure 5.3).  
 
 
Figure 5.3 LSFM Sample holder preparation. 
(A) Tantalum sample holder on a glass slide. On the right, silicone grease is used to coat 
a thin layer on both surfaces.  
(B) FEP film cut out to size is placed on both sides of the sample holder, sealed with the 
grease. Yellow arrow indicates FEP foil and dashed white line highlights the borders of 
the transparent FEP film. 
 
The original design of the sample holder is illustrated in Figure 5.4A. The imaging 
window is filled with culture medium and sealed again with the FEP film. When oocytes 
are loaded, the FEP foil is lifted and resealed carefully after loading. The imaging 
window is essentially also the culture chamber where the oocytes sink down vertically, 
onto the oocyte culture surface (Figure 5.4A, red line, 3). The loading of oocytes into the 
imaging window is carried out in a manner so that the oocytes sink down in one line onto 
the culture surface, in order to avoid any overlap between oocytes that would hinder 
imaging. The sealed sample holder that contains the oocyte/s is loaded via the sample 
holder attachment into the light-sheet imaging chamber (filled with 35 ml of culture 
medium) (Figure 5.4C-D). The sample holder disk was not modified from the original 
manufacturer’s design, only the sample holder stem. This was necessary in order to allow 
the attachment of the oocyte sample holder, which is secured with a screw at the tip of 
the stem (Figure 5.4C).  
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Using the Specimen Navigator tool (built in Zen black software, Z.1 special edition), the 
sample holder can be lowered into the chamber, positioned accurately and rotated at 
around 45° so that the light sheet can illuminate the oocytes that have now sunk down to 
the oocyte culture surface (Figure 5.4A).   
 
 
Figure 5.4 Sample loading for Lightsheet Z.1. 
(A) Schematics of sample holder design. Dimensions shown with orange arrows, 
numbers are in millimetres (mm). Arrows indicate excess grease reservoir (1), oocyte 
culture chamber and imaging window (2), oocyte culture surface (3). Numbers associated 
with orange arrows are shown in millimetre (mm). 
(B) Sample holder with attachment loaded into the Lightsheet Z.1 via the upper system 
cavity (1). Boxed region is magnified to highlight sample holder (2) below, marked with 
yellow arrow. 
(C) Components of the sample holder (highlighted in green) with attachment, showing 
the position of loading into the imaging chamber. Arrows show the light sheet 
illumination direction from the sides. Sample holder is rotated to achieve a 45° angle. 
Schematics of light-sheet chamber taken from Carl Zeiss (Lightsheet Z.1 Operating 
Manual).  
(D) Photo of the sample chamber filled with culture medium. Yellow arrow indicates the 
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Initial troubleshooting steps involved modifications to the original sample holder design 
(Figure 5.5). At this point, loading was not reproducible and oocytes were frequently 
lost, as the sealing of the FEP film was not holding properly. This was overcome by 
removing the excess grease reservoir from the original design (Figure 5.5, Design 1) and 




Figure 5.5 Oocyte sample holder design parameters.  
Volumes refer to the amount of medium the imaging window can hold. Numbers are 
shown in millimetre (mm). 
 
5.3 Optimisation of culture conditions  
 In order to support long -term viability and achieve maturation of both mouse and 
human oocytes, culture conditions within the oocyte sample holder were optimised. The 
sample holder is essentially a micro-culture system that supports group-culture of 
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oocytes, as it has a single compartment. The initial optimisation was done with mouse 
oocytes due to the limited availability of human samples. 
During the first attempts of oocyte culture in the Lightsheet Z.1, frequent contamination 
of the large imaging chamber was a major problem. The chamber is open on the top to 
allow sample loading (Figure 5.4C), which can be covered but not completely sealed. For 
live cell imaging, the whole volume of the chamber medium (30-35 ml) is heated to 37oC 
for over 24h. Although the medium is supplemented with antibiotics, following overnight 
culture bacterial growth was frequently observed, and oocytes all degenerated within the 
sample holder. In order to overcome this, the medium in the light-sheet chamber was 
supplemented with NormocinTM antimicrobial reagent (protects against mycoplasma, 
bacterial and fungal contamination), which eliminated this problem. 
While contamination was no longer an issue, oocytes cultured in the oocyte sample 
holder (SH) all arrested in MI (Figure 5.6A). This was a clear indication that the culture 
environment was not optimal. It was not possible to accurately determine the exchange of 
culture medium between the sealed SH chamber and the large light-sheet chamber. The 
light-sheet chamber could not be overlaid with oil as this would coat the sample holder 
during loading and distort the light passing through the FEP film. Therefore, the large 
volume of medium, heated to 37oC for days, is highly prone to evaporation, even when 
covered. In order to exclude negative effects of the SH environment on the medium in 
the light-sheet chamber, I tested to see whether evaporation could be a cause of the poor 
oocyte development. Oocyte development was compared between those cultured in the 
conventional culture dish, those cultured in the SH in a loose capped 50 ml falcon tube 
(35 ml medium) in order to mimic the open light-sheet chamber and those where the 
medium (35 ml in 50 ml falcon tube) was overlaid with oil and tightly capped to 
eliminate evaporation completely. Results shown in Figure 5.6B demonstrate that none 
of the oocytes cultured in the SH reached the full stage of maturation. This result 
narrowed the issue down to the SH itself. 
I decided to systematically test the main aspects of culture conditions in order to narrow 
down the problem (Elder et al., 2015). This included testing different culture media, 
cytotoxicity test of all components used for oocyte culture, and monitoring pH, 
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temperature and osmolality (Figure 5.6). Any one of these parameters, if not within the 
homeostatic range can be detrimental to oocyte development (Elder et al., 2015).  
Culture media is one of the most essential starting points for troubleshooting culture 
systems.  Ideally, oocytes should be cultured in high CO2 (6%) and low O2 (5%). The 
Lightsheet Z.1 is equipped with a CO2 module to supply the sample environment; when 
tested, this resulted in major evaporation of the culture medium in the light-sheet 
chamber. In addition, as the large chamber cannot be fully sealed, maintaining critical 
gas concentrations within specific values is not possible. Therefore, media supplemented 
with CO2-independent buffer were tested, to ensure physiological pH levels (pH 7.2-7.4) 
throughout oocyte culture. All tested media were supplemented with 10% FBS (Foetal 
Bovine Serum). M2 is a commonly used medium for oocyte and early stage embryo 
culture. G-MOPSTM is a commercially available (Vitrolife), IVF grade medium, 
developed for manipulation of gametes outside of the incubator. MHM® (Multipurpose 
Handling Medium Complete®) is also an IVF grade medium from Irvine Scientific. From 
the three tested media, all showed comparable MII oocyte formation rates (72.2% M2, 
88.9% G-MOPSTM and 77.8% MHM®) (Figure 5.6C). As we had previously successfully 
used G-MOPSTM for human oocyte maturation, we decided to continue with this 
commercial medium. As expected, pH levels were maintained within physiological range 
across different temperatures at ambient CO2 levels (Figure 5.6D). 
Plasticware and consumables can represent a major source of toxic compounds if not 
tested carefully. In order to exclude toxicity or detrimental effects on oocyte development 
of any of the SH components, I tested oocyte development cultured with each component 
in isolation (Figure 5.6E). The results show that oocyte development was comparable 
with all tested consumables.  
The Lightsheet Z.1 is equipped with a highly sensitive temperature probe that can be 
secured within the light-sheet chamber to monitor temperature throughout culture. 
Temperature can vary between different parts of a compartment, and therefore I wanted 
to make sure that there are no major temperature fluctuations within the chamber that 
could impact oocyte development.  A calibrated IVF grade thermometer was used with 
three different probes (Figure 5.6F), each positioned at different locations within the 
chamber. The sample holder probe was secured within the holder itself, giving the closest 
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possible reading of temperatures that the oocytes would be directly exposed to the light-
sheet (LS) chamber probe was positioned where the internal LS temperature probe is 
located, and the LS chamber probe (top) was positioned at the top surface of the medium 
within the chamber. Temperature was monitored continuously, every minute for over 20 
hours. The results of this clearly showed that temperature equilibrated after 3-4 hours. 
This indicates the time that must be allowed for the system to reach a stable temperature, 
before starting oocyte culture. The sample holder and main LS chamber probes showed 
stable temperatures during the monitoring period. LS chamber (top) probe however 
showed a gradual decrease in temperature, measured at the top part of the chamber. This 
indicates the importance of positioning the oocytes well within the middle of the 
chamber to ensure optimal temperature. Most importantly, these measurements also 
provided evidence that the built-in LS temperature probe readouts were reliable for 
temperature monitoring.  
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Figure 5.6 Optimisation of culture conditions in oocyte sample holder 
(A) Mouse oocytes cultured overnight in a conventional 35mm culture dish versus the 
oocyte sample holder for the light-sheet. Oocyte development was scored for progression 
through meiosis.  
(B) Mouse oocytes cultured overnight in a conventional 35mm culture dish versus the 
oocyte sample holder for the light-sheet containing 35 ml of loosely capped culture 
medium in a 50 ml falcon tube, or tightly capped and overlaid with oil. Oocyte 
development was scored for progression through meiosis. 
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(C) Oocyte maturation rate in different culture media. M2 Millipore - EmbryoMax M-2 
powder, G-MOPSTM from Vitrolife and MHM® (Multipurpose Handling Medium 
Complete®) from Irvine Scientific. All media supplemented with 10% FBS (Foetal 
Bovine Serum).  
(D) pH measurement at different temperatures at ambient CO2 concentration. Time in 
hours (h) or ON (overnight), shown in brackets.  
(E) Cytotoxicity test of all culture components. Control oocytes were cultured overnight 
in a conventional 35mm culture dish. Silicone grease from two different suppliers (used 
for sealing the sample chamber with the FEP film). FEP was washed either in embryo 
tested water (H2O) or 70% ethanol (EtOH). Two different materials for the sample holder 
were tested, Tantalum (Ta) and plastic. 
(F) Temperature monitoring in light-sheet (LS) sample holder or chamber. Measurements 
were obtained with Squirrel Data logger from Grant (2010 Series), with calibrated 
temperature probes. Time is shown from start culture in hours (h).  
Number of oocytes shown above the dataset. 
 
5.4 Change in osmolality is the main factor affecting culture 
conditions in light-sheet sample holder 
Osmolality is a measure of the osmolar concentration of solutes in a solution. In vitro 
culture of cells are highly sensitive to even small levels of changes in osmolality (Elder 
et al., 2015). Osmotic pressure within the cells regulates cell volume and under 
suboptimal culture conditions, it can lead to swelling or shrinkage of the cells. Oocytes in 
particular, due to their large cytoplasmic volume are highly prone to changes in the 
surrounding osmolality of the culture medium. Prolonged or high osmotic stress can lead 
to developmental arrest and cell death (Elder et al., 2015). Observations from in vitro 
culture of human embryos revealed that osmolalities higher than 300 mOsm/kg resulted 
in developmental arrest. Developments in medium formulation suggested that the 
optimal range for embryo development is between 255-295 mOsm/kg (Elder et al., 
2015).  
IVF grade osmometers are available for the accurate measurement of osmolality in 
aqueous solutions, but these require a minimum of 200 µl of testing volume, which is 
much higher than the microculture in the SH. One of the key observations from culturing 
mouse oocytes in the light-sheet SH for long periods of time was cell shrinkage prior to 
cell death (Figure 5.7A). Cells regulate their intracellular volume in response to osmotic 
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pressure, therefore looking at the changes in cell volume over time would be an indirect 
measure of osmotic environmental changes. Estimated oocyte volume over time 
(calculated by measuring the cell diameter at specific time points) clearly indicated that 
oocytes lost almost half their volume during 25-30-hour culture in the SH (Figure 5.7B). 
This was a clear indication that the cells were trying to compensate for an increased 
osmolality within the culture medium. When the sample holder was removed following 
overnight culture, large air bubbles filled the imaging window, which also interfered with 
imaging of oocytes (Figure 5.7C-D). Within the large air bubbles, condensation on the 
FEP film suggested that there could be some evaporation within the holder that may lead 
to osmotic changes of the culture medium, especially at such small volumes.  
Aqueous solvents contain dissolved gases that can vary at different temperatures. In 
general, liquids dissolve less gas at higher temperatures. Therefore, when heated, 
degasification of the dissolved gases creates bubbles in the culture medium. This can be 
overcome by ensuring that prior to in vitro culture, the medium is pre-warmed overnight 
and degassed of soluble gases, such as water. This step has significantly improved oocyte 
developmental rate (Figure 5.7E).  
Another way to ensure stable osmolality is to avoid evaporation when setting up culture 
dishes (Elder et al., 2015). One of the crucial steps is to ensure this is done quickly, at 
room temperature and overlaid with oil to minimise evaporation. When setting up the 
culture system for the light-sheet, the medium volume is very small (5-20 µl) and oil 
cannot be used to cover the culture drops, therefore it is extremely prone to evaporation. I 
measured the rate of evaporation during set-up of the SH on a heated microscope stage 
versus cold stage and at different volumes (Figure 5.7F-G). By modifying the Tantalum 
sample holder design to increase the culture volume up to 25 µl (Figure 5.5) and setting 
up dishes on a cold microscope stage with cold medium, evaporation could be reduced to 
below 5% (Figure 5.7G).  
Prior to optimisation, oocyte maturation rate was severely reduced in the light-sheet 
sample holder compared to the control oocytes cultured in a conventional culture 
overlaid with oil (Figure 5.7H).  Following optimisation, most importantly by minimising 
evaporation rate during culture preparation, increased culture volume and degassing of 
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culture medium, maturation rate of oocytes were now comparable to controls (Figure 
5.7I).  
 
Figure 5.7 Optimisation of culture volume and osmolality.  
(A) Examples of mouse oocytes cultured in the light-sheet sample holder. Time shows 
hours (h) and minutes (min) from start of imaging. Scale bar shows 5 µm. 
(B) Quantification of oocyte volume over time. Relative volume is calculated by 
measurement of oocyte oolemma diameter.  
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(C-D) Photograph of light-sheet sample holder with culture medium in the imaging 
window, following overnight incubation at 37oC. Boxed region is magnified on the right 
(D). Air bubbles in the imaging window are shown in the magnified image. 
(E) Mouse oocytes cultured overnight in a conventional 35mm culture dish (control) or 
different volumes of sample holder made of Tantalum (Ta) or plastic. Oocyte 
development was scored for progression through meiosis.  
(F-G) Quantification of culture media evaporation rate at different volumes and time 
points. Sample holder culture was either set up on a heated (F) or cold microscope stage 
(G).  
(H-I) Mouse oocytes cultured overnight in a conventional 35mm culture dish (control) or 
in the light-sheet sample holder. Oocyte development was scored for progression through 
meiosis prior to optimisation (H) and following optimised conditions (I).  
Number of oocytes shown above the dataset. P values were calculated with Fisher’s exact 
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5.5 Optimisation of imaging conditions in the LSFM 
Following the optimisation of culture conditions in the new sample holder, designed for 
long-term oocyte culture in the Lightsheet Z.1, the next step was to adjust the live cell 
imaging settings. The aim was to expose the oocytes to as little light as possible, while 
still being able to acquire high-resolution, detailed live cell images.  
I started with imaging mouse oocytes, microinjected with fluorescently tagged mRNA 
reporters. Oocytes were imaged overnight for 16 hours and with low laser light and 
exposure times. Under these conditions, oocytes developed to the MII stage at a 
comparable rate to control oocytes that were matured in the incubator in conventional 
culture dishes with no laser light exposure (Figure 5.8A). Image quality was excellent 
with high resolution, detailed images taken at 10-minute intervals (Figure 5.8B-C). The 
main difference compared to the confocal image set-up was that the whole oocyte could 
be imaged, with a z range of 80 µm, over 30 z stacks. In comparison, mouse oocytes 
imaged with confocal microscope were imaged within a range of 20-40 µm z range, over 
6-10 z sections. Images were taken only of the region of interest, rather than the whole 
oocyte.  
While mouse oocyte development was optimised at this stage, human oocyte imaging 
takes much longer and therefore it was important to test the optimised conditions directly 
on human oocytes. As samples are very limited, we decided to use vitrified and thawed 
oocytes donated for research for the initial optimisation steps. To ensure that these 
samples will give comparable results to fresh oocytes, I compared frozen-thawed oocyte 
maturation rate to that of fresh oocytes (Figure 5.8D). This suggested that polar body 
(PB) extrusion rate was comparable to oocytes that were collected fresh.  
I next designed experiments to test three different imaging parameters and assess oocyte 
health by scoring for the stage of development the oocytes reached over a period of 40-45 
hours’ time-lapse imaging (Figure 5.8E-G). The first experiment used the imaging 
settings that were optimised for mouse oocytes (Figure 5.8E). A total of four oocytes 
were thawed and imaged over a 42-hour period. Three out of the four oocytes entered 
meiosis, however all of them stopped development before anaphase onset and formed 
pronuclei (PN) (PN pre-anaphase, Figure 5.8E). The second experiment was carried out 
with three frozen-thawed human oocytes. Laser intensity and exposure time were 
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reduced, and oocytes were imaged over a 40-hour period (Figure 5.8F). The reduced light 
exposure resulted in better oocyte development, with two out of the three oocytes 
entering anaphase. Developmental arrest occurred at a later point compared to the first 
experiment as both oocytes formed pronuclei immediately after anaphase (Figure 5.8F). 
The third experimental design further reduced the laser intensities by 30% (laser 0.7 vs 1) 
and the exposure time by 40% (exposure time 30 vs 50) compared to the starting point in 
experiment one. Oocyte development with these imaging parameters further improved: 
two out of the three oocytes imaged underwent anaphase and formed MII spindles.  
Overall, it is clear from these results that human oocytes are extremely sensitive. While 
mouse oocytes were a useful tool for the initial optimisation of the culture and imaging 
parameters, due to their faster rate of maturation, it was not possible to fully adjust 
imaging settings that are suitable for human oocyte development. Frozen-thawed human 
oocytes were used to further optimise imaging parameters in a three-step experiment 
design. At the end of the third adjustment, over 60% of human oocytes reached full 
maturity. A nice example of the quality of live cell imaging of human oocytes using the 
optimised light-sheet system is shown in Figure 4.9A.  
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Figure 5.8 Optimisation of imaging settings for LSFM. 
(A) Mouse oocytes microinjected with fluorescently labelled mRNA were cultured 
overnight in a conventional 35mm culture dish (incubator – not imaged) or in the 
Lightsheet Z.1, imaged overnight (LSFM imaged). Oocyte development was scored for 
progression through meiosis. 
(B-C) Examples from time-lapse imaging of mouse oocytes overexpressing H2B-
mCherry and MAP4-mEGFP (B) or CENPB-mEGFP (C) using the Lightsheet Z.1 and 
the tantalum sample holder, design 4 (20 µl culture volume). Time shows hours (h) and 
minutes (min) from NEBD (time 0). Scale bar shows 5 µm. 
(D) Comparison of the distribution of polar body (PB) extrusion rate from NEBD 
between human oocytes collected fresh or frozen-thawed. Oocytes were incubated and 
imaged in the PrimoVision time-lapse monitoring system in a conventional culture dish.  
(E-G) Quantification of human oocyte development at different imaging conditions in the 
Lightsheet Z.1, in the tantalum sample holder, design 4 (20 µl culture volume). 
Acquisition parameters are shown above for three independent experiments. 
Data from two independent experiments (A). Number of oocytes shown above the 
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 DISCUSSION  
MTOCs play a key role in the assembly and morphology of the bipolar spindle. While 
centrosomes are well characterised, very little is known about the organisation and 
function of centrosomal proteins in oocytes. Immunofluorescence and live cell imaging 
studies have revealed that core pericentriolar proteins surrounding the centrioles of the 
mitotic spindle also have important functional relevance in mouse oocytes, where 
centrioles are eliminated early on (Schuh and Ellenberg, 2007; Łuksza et al., 2013; Clift 
and Schuh, 2015a).  However, considering the vast number of proteins required for 
centrosome function and organisation, there is very little knowledge about how the 
different centrosomal components and appendages may contribute to spindle assembly 
and function during meiosis. In addition, the high frequency of spindle instability in 
human oocytes, which contain no prominent MTOCs (Holubcová et al., 2015), supports 
the hypothesis that mouse oocytes might have specific mechanism(s) to ensure spindle 
stability, likely related to the presence of aMTOCs.   
In order to address this question, we looked at centrosomal proteins that proteomic and 
transcriptomic data indicated their expression in mouse oocytes (Zeng, Baldwin & 
Schultz, 2004; Wang et al., 2010; Pfeiffer et al., 2011; Virant-Klun et al., 2013; Yan et 
al., 2013). We initially screened for localisation of proteins for which specific antibody 
and live cell markers were easily available. Based on the initial screen, a previously 
undescribed meiotic spindle pole domain (MSPD) is presented here. For the primary 
characterisation for this domain I focused on a large coiled coil scaffold protein, 
Pericentriolar material 1 (PCM1), which has been shown to interact with a large number 
of centrosomal proteins via the centriolar satellite trafficking mechanism (Tollenaere, 
Mailand & Bekker-Jensen, 2015; Hori & Toda, 2017). This work was later extended to a 
broader screening of centrosomal and spindle pole associated proteins, which identified 
TACC3 as a key organiser of this domain. The conserved role of this domain was an 
important focus of my work and I also present here some of the preliminary results that 
may suggest a mechanism for spindle pole organisation in MTOC-free human oocytes. 
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The aim of the discussion is to summarise my findings and present them in the context of 
current literature. The outlook of this work will also be discussed and included some 
extended data that is relevant to our current understanding of the assembly, regulation 
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6.1 Characterisation of centrosomal proteins in acentrosomal 
mouse oocytes 
PCM1 was an interesting candidate to initially focus on, as it is the main scaffold protein 
of the centrosomal satellites and has been shown to interact directly with a large number 
of PCM proteins (Hori & Toda, 2017). My initial work involved detailed characterisation 
of PCM1 localisation in mouse oocytes (Chapter 3: Results: PartI), which revealed a 
number of interesting points.  
Firstly, the aMTOCs in interphase cells are organised in two distinct compartments 
(Figure 3.2B). Core PCM components, such as Pericentrin and γ-tubulin, form the outer 
layer of the spherical aMTOC and PCM1 is localised to the internal compartment.  This 
was consistently the case for both the cytoplasmic population of aMTOCs as well as 
those surrounding the nuclear envelope (NE), prior to aMTOC fragmentation. 
Interestingly, as meiosis resumed, PCM1 remained enclosed within the spherical 
aMTOCs in the cytoplasmic pool, while those associated with the NE could be seen as 
small foci on the outer surface of the now stretched MTOCs. It is possible that the MSPD 
domain content within the aMTOCs are released upon stretching of aMTOCs by dynein 
along the NE, or as PLK1 decondenses the aMTOCs (Clift & Schuh, 2015), which could 
explain the change in the localisation pattern. As aMTOCs are stretched and fragmented, 
PCM1 can no longer be seen within the internal compartment of aMTOCs associated 
with the spindle, but it does remain enclosed within the spherical cytoplasmic population 
throughout meiosis. This suggests that aMTOCs undergo a compositional change as 
meiosis resumes. In line with the proposed two component aMTOC structure, previous 
studies have shown that the structural organisation of the aMTOCs is not homogeneously 
dense, but instead contains small, lower density compartments that appear alveolar-like 
under high resolution imaging (Clift & Schuh, 2015; Łuksza et al., 2013). Closer 
examination of my images also shows that the interior of spherical aMTOCs is not fully 
dense. While this organisation does not resemble the complex structure of the 
centrosomal PCM (Fry et al., 2017), it does suggest a partially conserved organisation of 
distinct but closely associated populations of centrosomal proteins.   
Secondly, following nuclear envelope breakdown, marked by a burst in microtubule 
nucleation, PCM1 starts to accumulate within the microtubule ball (Figure 3.2B-C). 
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During bipolarisation, aMTOCs are sorted to the two poles and PCM1 also progressively 
accumulate at the poles. As the MTOCs coalesce to form the pole ring domain, PCM1 
gradually forms the characteristic spindle pole protrusions (Figure 3.2D). Overall, the 
subcellular localisation of PCM1 is surprisingly different in oocytes compared to mitotic 
cells, where the satellite foci stained with PCM1 are concentrated around centrosome 
markers (e.g. γ-tubulin) predominantly during interphase and mostly disperse within the 
cytoplasm following mitotic entry (Balczon et al., 1994; Dammermann & Merdes, 2002; 
Hoang-Minh et al., 2016; Kimura et al., 2013; Kubo, 2003). Association of the 
PCM1/MSPD with the meiotic spindle is microtubule dependent, as shown by the loss of 
MSPD organisation when microtubules are depolymerised with Nocodazole (Figure 3.4). 
This is in line with previous reports that PCM1 localisation along the centrosomes is 
microtubule dependent, perhaps linked to dynein transport towards the minus-ends of the 
microtubules, which could in part also explain the accumulation of the PCM1/MSPD at 
the poles (Dammermann & Merdes, 2002; Hori & Toda, 2017; Li et al., 2000).    
The above described localisation of PCM1/MSPD was later also confirmed for TACC3 
and its known interacting partners clathrin and ch-TOG (Figure 4.2), and the other 
identified components found to localise to this domain (Table 4.1, Figure 4.2), 
confirming that the described localisation pattern is conserved for proteins within the 
MSPD. In addition, detailed high-resolution live cell imaging of TACC3 captured the 
release of the TACC3/MSPD during NEBD (Figure 4.4D), supporting the idea that the 
MSPD associated with the spindle is released (or in part released) from the aMTOCs 
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6.1.1 Strategies to deplete PCM1 in oocytes 
6.1.1.1 Conventional strategies to deplete PCM1 
One of the initial challenges of working with PCM1 was the difficulty of depleting this 
long-lived protein in mouse oocytes. Although oocytes are transcriptionally silent (Pan et 
al., 2005), maternal mRNA and proteins accumulate in the oocyte’s large cytoplasm to 
ensure proper oocyte maturation and embryo development.  
We tried a number of different methods, which I will discuss here in more detail, as this 
played an important part in the optimisation work. These results are only partially 
included in the results section of this thesis, as they were either attempted before my 
work on this project was initiated, or they were preliminary test experiments that were 
not further investigated but do merit brief mention. 
RNA interference (RNAi) strategies that involve microinjecting siRNAs into early, 
follicle-enclosed oocytes combined with prolonged in vitro culture (10-11 days) can 
maximise mRNA depletion efficiency in blocking protein expression (Pfender et al., 
2015). However, PCM1 proved to be an example of a long-lived protein that is probably 
expressed before sufficient RNA degradation could be achieved (Figure 3.5A). 
Inhibition of endogenous PCM1 localisation was previously described in mitotic cells, 
using a C-terminal truncated PCM1 mutant (Dammermann & Merdes, 2002). In this 
case, the truncated version of PCM1 (1-1468 aa, WT: 1-1904 aa) was shown to aggregate 
with the endogenous protein in the cytoplasm, suggesting a dominant negative effect.  
The overexpression of this truncated mutant in mouse oocytes could still localise to the 
spindle (tested by Dean Clift) and therefore did not allow the endogenous protein to be 
displaced. 
Using another approach, oocyte conditional PCM1 knockout was unsuccessful (tried by 
Dean Clift). However, with this approach one should also consider that interfering with 
PCM1 protein expression during early stages of oogenesis may give more severe 
phenotypes that are not specific to meiosis, as PCM1 is also essential for centrosome 
organisation and mitotic division (Hori & Toda, 2017; Lopes et al., 2011). Other 
strategies that were thought of, included depletion of known satellite components such as 
BBS4, which has been shown to be required for PCM1-satellite assembly (Hori & Toda, 
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2017; Lopes et al., 2011). BBS4 that also localised to the MSPD was an attractive option, 
but the antibodies used were unsuccessful. 
PCM1 has been shown to require dynein for its localisation (Hori & Toda, 2017; Kubo et 
al., 1999a; Staples et al., 2012). Assuming that this is a conserved mechanism during 
meiosis, microinjection of inhibitory dynein or its adaptor dynactin antibody, or the 
recombinant p150-CC1 (dominant negative) dynactin inhibitor (King et al., 2003; 
Quintyne et al., 1999), as well as treatment with Ciliobrevin D (a pharmacological dynein 
inhibitor) could potentially disrupt PCM1 localisation (Firestone et al., 2012; Roossien et 
al., 2015). However, dynein function is required for a number of spindle functions, 
including spindle pole organisation, aMTOC fragmentation and localisation and 
kinetochore-microtubule interactions; therefore, its inhibition would interfere with other, 
off-target components of spindle assembly even if PCM1 localisation could be perturbed 
by these strategies (Clift & Schuh, 2015; Jones et al., 2014; McHugh & Welburn, 2017; 
Quintyne et al., 1999; Reck-Peterson et al., 2018).  
Importantly, PCM1 was also identified as a PLK4 substrate (Hori et al., 2016).  A 
conserved PLK4 phosphorylation site (S372) was found to be important for PCM1 
dimerization, interaction with other proteins, and conversely essential for cell cycle 
regulation of pericentriolar satellite formation during the G1 phase (Hori et al., 2016).  
After overexpression of the PCM1 phosphomutant (S372A) in mouse oocytes, PCM1 
could localise normally to the meiotic spindle and form the spindle pole domain with no 
prominent phenotype apparent (preliminary experiment not shown). PLK4 inhibition was 
also performed using Centrinone B (selective PLK4 inhibitor) (by Chun So), but again no 
effect on the assembly of the spindle pole domain or any significant phenotype could be 
observed.  
6.1.1.2 Depletion of PCM1 using Trim-Away 
Having attempted to interfere with PCM1 expression, function or localisation by a 
number of conventional methods, I then attempted a new antibody-based depletion 
method that was developed in our laboratory (Clift et al., 2017). This method, termed 
Trim-Away, uses an intracellular pathogen recognition receptor (TRIM21) that 
recognises the Fc-region of an antibody. TRIM21 is a highly active E3 ubiquitin ligase, 
which decorates the antibody-bound target protein with ubiquitin molecules. These 
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ubiquitin (chains) are then recognised by the proteasomal pathway, and the antibody-
TRIM21-protein target complex is degraded (Mallery et al., 2010; McEwan et al., 2011).  
This method allowed PCM1 to be rapidly depleted at the protein level and suggested that 
we could now use this approach to acutely deplete PCM1 at different time points during 
meiosis (Figure 3.5). There are considerations that should be mentioned regarding this 
approach. The main limitation of this method when working with oocytes is that it 
requires a high concentration of target-specific antibody in order to deplete the protein of 
interest. Efficient depletion of the target protein, requires expression of TRIM21 in 
excess of target protein expression (Clift et al., 2017). While this approach is highly 
efficient for protein degradation, as seen for acute PCM1 depletion (Figure 3.5H-I), it is 
difficult to fully adjust antibody and TRIM21 levels for rescue experiments. This is 
especially challenging when working with oocytes, as several injections are necessary 
(target specific antibody and TRIM21 mRNA and reporters), and each injection reduces 
the viability of the oocyte. Another important consideration is to ensure that proteins 
within a complex can be specifically depleted. In our case, PCM1 is known to interact 
with a large number of proteins. Pericentrin was an ideal target for testing, as it is known 
to interact directly with PCM1 (Dammermann & Merdes, 2002; Li et al., 2000), which 
was suggested to be conserved during meiosis (Figure 3.10 and Figure 3.12). Western 
blot analysis of the two proteins demonstrated that specific depletion could be achieved 
(Figure 3.5B, Figure 3.12E).  
Overall, this approach is currently the only protein depletion method that is truly post-
translational, and it was invaluable for the characterisation of the PCM1 phenotype in 
oocytes. However, further optimisation of the PCM1 Trim-Away method is needed for 
recue experiments, in order to confirm the specificity of the PCM1 phenotype and 
investigate if aMTOC assembly could be rescued once PCM1 levels are restored. 
6.1.2 PCM1 depletion phenotype in mouse oocytes 
The PCM1 depletion phenotype in mouse oocytes suggested an important function both 
for spindle assembly and for the overall spindle structure. In the absence of PCM1, the 
onset of microtubule nucleation was significantly delayed, and spindles appeared 
significantly smaller, with reduced total microtubule density (Figure 3.6). Live cell 
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imaging also revealed that the efficiency of chromosome congression in PCM1-depleted 
oocytes is disrupted. Bivalents appeared unstretched and loosely aligned on the 
metaphase plate, but no significant meiotic defects were observed (misaligned and 
lagging chromosomes) and oocytes progressed into anaphase at a comparable rate to 
controls (Figure 3.6 and Figure 3.8).   
6.1.2.1 aMTOCs and the PCM1/MSPD: a close cooperation during meiosis 
Based on the observed phenotypes, a number of clues pointed to MTOC-related 
dysfunction in PCM1-depleted oocytes. Firstly, immunofluorescence and live cell 
imaging showed a close association between PCM1/MSPD and aMTOCs (Figure 3.2). 
Secondly, PCM1 is known to have an important function at centrosomes and to interact 
with Pericentrin, which may suggest a conserved role during meiosis (Dammermann & 
Merdes, 2002; Hori & Toda, 2017; Li et al., 2000). Assuming a conserved interaction 
between these two scaffold proteins in mouse oocytes, an effect on Pericentrin levels or 
organisation would have a direct impact on aMTOCs, as Pericentrin was shown to be an 
essential component of aMTOCs (Baumann et al., 2017).  In line with this, two previous 
studies have described Pericentrin depletion to result in reduced spindle size/density and 
delay in microtubule nucleation (Baumann et al., 2017; Ma & Viveiros, 2014), a similar 
phenotype to that observed in PCM1-depleted oocytes (Figure 3.6). Indeed, staining 
Pericentrin, γ-tubulin and CEP192 (some of the main components of aMTOCs) in 
PCM1-depleted oocytes, showed that aMTOCs had disassembled (Figure 3.10A-C). 
High resolution imaging combined with acute depletion of PCM1 at the MI stage 
revealed that PCM1 is not only required for aMTOC assembly and/or recruitment, but 
also for maintaining their structural integrity throughout meiosis (Figure 3.10). The loss 
of aMTOCs was also shown to coincide with reduced spindle size and lower amounts of 
spindle microtubules when PCM1 was depleted acutely (Figure 3.10F-H).  
6.1.2.2 Pericentrin and PCM1 are interdependent in mouse oocytes 
The phenotype described in PCM1-depleted oocytes showed very close similarities to 
that of Pericentrin depletion (Figure 3.12). This was in line with results of a recent study 
that removed Pericentrin through a conditional knockout in mice (Baumann et al., 2017). 
However, the phenotype described in their work was more severe, showing lower 
anaphase progression rate with increased chromosome attachment errors as well as 
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severe misalignment and lagging chromosome defects (Baumann et al., 2017). It could 
be that Pericentrin knockout led to the accumulation of defects throughout oogenesis, 
which would explain the more severe phenotype.  
Pericentrin depletion also suggested that PCM1 and Pericentrin localisation is 
interdependent in mouse oocytes (Figure 3.12). Although it was shown that Pericentrin 
levels were reduced at centrosomes in mitotic cells in the absence of PCM1 
(Dammermann and Merdes, 2002), complete loss of Pericentrin localisation was not 
reported. It is possible however, that the depletion methods used in the previous study 
(PCM1 antibody injection, RNAi and truncated PCM1 overexpression) may have failed 
to deplete the entire endogenous pool of PCM1, and Pericentrin levels were therefore 
only mildly affected. Nonetheless, this is the first time that complete interdependence of 
these proteins has been reported (Figure 3.10 and Figure 3.12). Other evidence 
supporting the direct interaction between these two proteins comes from in vitro assays. 
PCM1 and Pericentrin were found to coimmunoprecipitate from cytoplasmic extracts, 
suggesting that they may form a functional complex that enables recruitment of other 
centrosomal components (Li et al., 2000). Importantly, their association with 
centrosomes was microtubule dependent (Li et al., 2000). Mechanistically, it is possible 
that PCM1 and Pericentrin are transported together on microtubules to the meiotic 
spindle via dynein, as both have previously been shown to interact with cytoplasmic 
dynein (Hori & Toda, 2017; A Kubo et al., 1999b; Purohit et al., 1999; Young et al., 
2000). Another possibility is that direct PCM1-Pericentrin interaction is required at the 
aMTOC-MSPD interphase to form a stable multicomplex. As both proteins are large 
coiled-coil scaffold proteins, it would be interesting to carry out high resolution 
positional mapping of these components, similar to the work done by (Lawo et al., 2012). 
They used antibodies specific to the N-, central and C-terminal regions of different 
centrosomal proteins to map their positional arrangements within the centrosome and the 
surrounding PCM (section 1.5.4.1).  It would be interesting to see how these large coiled 
coil proteins position themselves to form the aMTOC ring domain and the surrounding 
MSPD, and what other components are essential to maintain their integrity at the spindle 
poles.  
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6.1.2.3 K-fibre assembly and microtubule dynamics in the absence of PCM1/MSPD 
and aMTOCs 
Immunofluorescence images of cold treated mouse oocyte spindles surprisingly revealed 
that PCM1 also localised to the more stable kinetochore fibres (K-fibres) (Figure 3.8E). 
This localisation, to my knowledge, has not been previously reported for PCM1 in 
mitotic cells, where satellite foci were mostly shown to disperse within the cytoplasm 
and only weakly associate with the centrosomes during mitosis (Dammermann & 
Merdes, 2002). What is also clear from the immunofluorescence images is that in the 
absence of the more dynamic spindle microtubules (interpolar and astral-like 
microtubules), the characteristic spindle pole protrusions can no longer be seen, 
suggesting that the formation of this domain is dependent on spindle microtubules 
(Figure 3.8E). This was shown directly by the disassembly of PCM1/MSPD in the 
absence of microtubules (Figure 3.4). These results suggest that K-fibres alone are not 
sufficient for the formation of the PCM1/MSPD even in the presence of aMTOCs, 
perhaps due to the loss of transport via dynein along the interpolar microtubules. This 
might also suggest the presence of two distinct populations of PCM1, an aMTOC- 
dependent MSPD pool and an aMTOC-independent K-fibre associated pool (similar to 
TACC3, as discussed later). 
One of the key phenotypes of PCM1-depletion showed chromosome congression defects 
and unstretched bivalents, which could indicate altered K-fibre function and/or 
attachment (Figure 3.8). In order to further investigate this phenotype, K-fiber properties 
in fixed oocytes were analysed (Figure 3.8G-I). The results did not show a difference in 
the average K-fibre density (mean microtubule fluorescent intensity) in PCM1-depleted 
spindles (Figure 3.8G). However, it cannot be excluded that overall reduction in K-fibre 
volume (Figure 3.8I), perhaps as an indirect result of the reduced total amount of 
nucleated microtubule, could have an impact on chromosome alignment. Severe 
misalignment defects or lagging chromosomes were not significant in PCM1-depleted 
oocytes, which could indicate K-fibre attachment errors. However, it would be 
interesting to explore this possibility further by investigating kinetochore attachments in 
PCM1-depleted oocytes directly. As part of this experiment, one could also label 
kinetochores in oocytes using CREST staining to test whether the K-fibre tension is 
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affected in these spindles and compare the average inter-kinetochore distance with 
control oocytes. 
The small spindles and unstretched chromosomes could also indicate reduced 
microtubule dynamics. In order to test this, photoactivable GFP tagged α-tubulin in MI 
mouse spindles was tested in PCM1-depleted oocytes, but this showed no significant 
difference in either the poleward flux rate or the rate of microtubule turnover (Figure 
3.14A-E). Surprisingly, direct assessment of growing ends of the microtubules revealed a 
significantly faster growth rate in oocytes depleted of PCM1 or Pericentrin (Figure 
3.14H). This experiment, however, was carried out only once, and the growth rate of 
only astral-like microtubules was measured manually (section 2.5.5). Although the 
measured microtubule growth rate (24.54 ± 1.75 µm/min) in the control group  (Figure 
3.14H) was comparable to that published previously in mouse oocytes (~21 µm/min) 
(Schuh and Ellenberg, 2007), the growth rate measurements should be repeated using an 
automated method that can resolve single particles in dense spindle microtubule regions 
(Jaqaman et al., 2008) to determine if there is a consistent difference in plus-end growth 
velocity when PCM1 or Pericentrin is depleted. 
6.1.2.4 How can a spindle form without aMTOCs in mouse oocytes? 
In line with Baumann et al. (2017), we found that oocytes relied on the RanGTP 
microtubule nucleation pathway in the absence of aMTOCs, with delayed spindle 
assembly, originating predominantly from the chromosome surface (Figure 3.13 and 
Figure 3.15). It is known that both the RanGTP and the aMTOC nucleation pathways are 
essential for spindle assembly in mouse oocytes (Schuh and Ellenberg, 2007). However, 
the contribution of aMTOCs once the bipolar spindle is fully formed is not fully 
understood. Using acute Trim-Away depletion to disrupt aMTOCs at the late MI stage 
provided a valuable tool, showing that the loss of aMTOCs within 20-25 minutes 
following antibody injection coincided with a reduction in spindle size and the total 
amount of spindle microtubules (Figure 3.10F-H, Figure 3.12J-M). This demonstrates 
that although aMTOC free spindles can maintain their bipolar spindle morphology, 
aMTOCs at the spindle poles do contribute to replenish spindle microtubules throughout 
meiosis.  
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When one looks at the contribution of aMTOCs to the overall nucleation of spindle 
microtubules from NEBD (Figure 3.11), it is clear that aMTOCs are the dominant 
nucleation sites just after NEBD, as shown previously (Schuh and Ellenberg, 2007). 
However, the role of MTOCs gradually decreases as the bipolar spindle forms, most 
likely due to the combined contribution of other microtubule nucleation pathways 
(Figure 3.11, section 1.6), such as the chromosomal and Augmin pathways (section 
1.6.3), as well as the activity of microtubule stabilising/polymerising proteins (section 
1.5.2.1). The Augmin pathway was shown to supplement multiple microtubule 
nucleation pathways (centrosomal and chromosomal) in fly embryos that form mitotic 
spindles (Hayward et al., 2014), contributing to the overall spindle microtubule density 
(Goshima et al., 2008; Uehara et al., 2009; Wainman et al., 2009). Importantly, the 
authors also measured an increased contribution from other pathways in the absence of 
one microtubule nucleation pathway. Their results suggest that there is an inherent 
flexibility: cells can adapt to modulate the relative contribution of the different 
microtubule nucleation pathways (Hayward et al., 2014). Mouse oocytes can achieve 
bipolar spindle assembly in the absence of the main MTOCs, and it is possible that 
oocytes also have the ability to regulate coordination of the different microtubule 
generating pathways, by upregulating the chromosomal and Augmin pathways to 
compensate for the loss of the dominant MTOCs. It would be interesting to further 
investigate how oocytes are able to detect and switch or modulate the different 
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6.1.3 PCM1/MSPD: Conclusions and perspectives 
Overall, results presented here indicate that the described PCM1-depleted phenotype is 
likely due to disassembly of the aMTOCs in mouse oocytes, or perhaps to the 
combination of PCM1/MSPD. However, it was not possible to specifically dissect the 
role of the PCM1/MSPD independently of the aMTOCs in the mouse model. It is clear 
however, that PCM1 is essential for aMTOC assembly and maintenance during meiosis, 
as described in the first part of the results section (Results: Part I).  
To test whether PCM1 has a conserved role in the formation of the MSPD as the main 
scaffold protein for the centrosomal satellite proteins, it would be necessary to test which 
components are actually affected by PCM1 depletion. Selective depletion of other 
proteins that are known to localise to the MSPD, such as CEP72, LRRC36, BBS4, 
AKAP9 and Myo10, would also provide information about the hierarchy of the 
components of the MSPD. This would be an interesting direction to pursue, as functional 
antibodies for some of the above-mentioned proteins have only recently become 
available.  It would also be interesting to remove putative aMTOC-spindle pole linkers, 
such as CDK5RAP2 (Chavali et al., 2016), to see if the localisation of PCM1 depends on 
the proximity of aMTOCs. 
Studying other MTOC free systems such as human oocytes was an exciting prospect, to 
investigate whether the MSPD requires aMTOCs, or has adapted to an aMTOC-free 
system. If the MSPD does not form in the absence of aMTOCs, it would be intriguing to 
test if its absence could account (in part) for the observed spindle instability in human 
oocytes (Holubcová et al., 2015). My goal of understanding the role of PCM1/MSPD in 
human oocytes was hindered by the lack of commercially available antibody that was 
effective in human cells. Trim-Away depletion using an affinity purified anti-PCM1 
serum (kind gift from the Merdes lab, (Dammermann and Merdes, 2002)) was tried: 
although a strong PCM1 signal (Figure 4.8 and Figure 6.2) was seen on the meiotic 
spindle in fixed oocytes, Trim-Away using this antibody showed insufficient depletion of 
PCM1 (Figure 6.2). Specificity of this antibody in human oocytes needs to be tested to 
exclude non-specific binding to microtubules.   
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Figure 6.1 Trim-Away of PCM1 in human oocytes. 
Immunofluorescence images showing oocytes microinjected with recombinant His-
Lipoyl-TRIM21  protein (Clift et al., 2017) and either non-specific control IgG antibody 
or anti-PCM1 antibody (affinity purified from (Dammermann & Merdes, 2002)). Control 
oocyte shows an MII spindle that is not parallel (top panel), while PCM1-Trim oocyte 
shows a parallel MI spindle (button panel). Scale bar shows 5 µm. 
 
In mouse oocytes, in all depletion experiments via the Trim-Away method the 
commercially available PCM1 antibody (HPA023374, batch number C95754, Sigma-
Aldrich) was used. Unfortunately, this PCM1 antibody batch was no longer available and 
the new antibody batch (F105843) could not fully reproduce the mouse spindle 
phenotype as described in the first part of the results section (Results: Part I). The reasons 
are still not fully clear, but it is likely due to the reduced efficiency of PCM1 depletion 
using the new antibody batch.  
Therefore, our screen was expanded to include a wider population of centrosomal 
proteins in order to find a better candidate that could be used to further characterise the 
MSPD. Other spindle pole related proteins were also included, as the domain was 
concentrated predominantly around the spindle poles following bipolar spindle formation 
(Figure 3.2). 
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6.2  Extended view of the meiotic spindle pole domain in mouse 
oocytes 
Localisation of centrosomal proteins confirmed by immunofluorescence and/or live-cell 
imaging showed that all tested proteins were found either at aMTOCs or at the MSPD 
(Table 4.1, Figure 4.1, Figure 4.2). Importantly, in addition to the pericentriolar satellite 
proteins, several other centrosomal proteins (clathrin, ch-TOG, KIZ and TACC3) and 
dynein cargo adaptors (Nde1 and Ndel1) were also found within the MSPD (Figure 4.2).  
Quantification of fluorescence recovery after photobleaching (FRAP) of selected PCM 
components gave us an insight into the dynamics of these proteins at the spindle poles 
(Figure 4.3). In mouse oocytes, the main aMTOC components (Pericentrin, CEP192 and 
CDK5RAP2) did not show dynamic recovery, while all tested MSPD proteins recovered 
at a similar rate (Figure 4.3). These results suggested that Pericentrin, CEP192 and 
CDK5RAP2, the core PCM components previously proposed to form a functional 
recruiting scaffold around the centrioles in mitotic cells (Dix & Raff, 2007; Gomez-
Ferreria et al., 2007; Lawo et al., 2012; O’Connell et al., 2000; Zhu et al., 2008), may 
have a conserved role in meiotic aMTOCs.   
Depletion of TACC3 using the Trim-Away method revealed that all the tested MSPD 
components could no longer localise to this domain, suggesting an important role for 
TACC3 in the assembly of the MSPD. Importantly, TACC3-depletion now showed that 
loss of Pericentrin/aMTOCs in PCM1-depleted oocytes is probably due to a specific 
interdependence between Pericentrin and PCM1, and not due to the absence of the 
MSPD: in TACC3-depleted oocytes, PCM1 could no longer localise to the MSPD 
(Figure 4.4E); however, aMTOCs still associated with the spindle poles (Figure 4.4E).  
Although the aMTOCs were not disassembled in TACC3-depleted oocytes, we did 
observe a strong aMTOC related phenotype. aMTOCs overclustered at spindle poles and 
did not form their characteristic ring domains, accompanied by a focused spindle pole 
morphology (Figure 4.4E and Figure 6.3).  
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Figure 6.2. Depletion of TACC3 in mouse MI oocytes.  
Immunofluorescence images showing oocytes overexpressed TRIM21 mRNA and 
microinjected with either control IgG or anti-TACC3 antibody. aMTOCs (green), α-
tubulin (magenta) and chromosomes (blue) are shown. Scale bar shows 5 µm. (Image 
taken by Chun So). 
6.2.1 MSPD assembly is dependent on aMTOCs in mouse oocytes 
High resolution immunofluorescence and live cell imaging of TACC3 (Figure 4.4A-D) 
confirmed the localisation pattern of PCM1/MSPD and its close association with 
aMTOCs (Figure 3.2). To see if the MSPD is truly an aMTOC dependent component of 
the spindle poles, we devised strategies that might reveal different distribution patterns of 
the aMTOCs, including acute Nocodazole treatment at MI to induce asymmetric aMTOC 
localisation via RanGTP inhibition and aMTOC bipolar redistribution, and to describe 
localisation of the MSPD in the complete absence of aMTOCs (Pericentrin-depletion) 
(Figure 4.6A-E). The asymmetric, monopolar distribution of aMTOCs in RanGTP 
inhibited oocytes (95% of Ran(T24N) injected oocytes) (Figure 4.5A) provided a robust 
model to further investigate our hypothesis. While these spindles have monopolar 
aMTOC arrangements, they could form a small bipolar spindle (Figure 4.5A). It is 
possible that the Eg5 mediated second phase of aMTOC fragmentation is disrupted in 
these oocytes (Clift & Schuh, 2015), as it has been previously suggested that Eg5 is 
regulated by RanGTP (Wilde et al., 2001). The fact that these spindles could still eject 
the two spindle poles suggests that perhaps only the initial MTOC-fragmentation 
function of Eg5 is affected by RanGTP inhibition. Nevertheless, live cell imaging 
showed that TACC3/MSPD mirrored the asymmetric distribution of aMTOCs (Figure 
4.5A and C). Two other approaches showed equivalent results, where TACC3/MSPD 
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trafficked together with aMTOCs during their redistribution following Nocodazole 
washout (Figure 4.5D) and TACC3/MSPD was lost in the absence of aMTOCs (Figure 
4.5E). Together, these results confirm that the MSPD, as described by loss of 
PCM1/MSPD localisation in Pericentrin-depleted oocytes (Figure 3.11A-C), is 
dependent on aMTOC localisation at spindle poles.     
Interestingly, a second population of TACC3 could still localise to the spindle in the 
absence of the MSPD, which was faintly visible in both immunofluorescence and live 
cell images (Figure 4.5F-H). Based on the dissipation curve of photoactivated TACC3-
mPA-GFP, we identified two protein populations (slow and fast populations) that 
supported our observation of an aMTOC-independent TACC3 population (Figure 4.6 and 
4.7).  TACC3 is known to form a functional complex with ch-TOG (CKAP5) and 
clathrin (CLTC) and has been implicated in spindle pole integrity as well as K-fibre 
stabilisation via cross-linking microtubules (Booth et al., 2011; Burgess et al., 2018; W. 
Fu et al., 2010; Gergely et al., 2000; Hood et al., 2013; C.-H. Lin et al., 2010). We had 
already shown that TACC3 localises to the K-fibres in the presence of aMTOCs (Figure 
4.5H). However, in order to show the localisation pattern of the second, non-MSPD / 
aMTOC-dependent population, we performed a cold stable assay to visualise K-fibres in 
Pericentrin-depleted oocytes as well (Figure 6.2). Indeed, TACC3 could still localise to 
the K-fibres in aMTOC free mouse oocytes, suggesting that the second TACC3 
population is distinct from that of the MSPD and can localise to the spindle microtubules 
via another pathway.  
 
Figure 6.3 TACC3 localisation at K-fibres in the absence of the MSPD / aMTOCs. 
Immunofluorescence of anti-TACC3 (green) and anti-α-tubulin (magenta). Oocytes 
overexpressed TRIM21 mRNA and microinjected with either control IgG or anti-
Pericentrin antibody, allowed to mature (7 hours post NEBD) and treated with cold prior 
to fixing. Scale bar shows 5 µm. Image taken by Chun So. 
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An important point to mention here is that TACC3 may not be the only MSPD 
component that can be recruited to the meiotic spindle independently of 
aMTOCs/MSPD. Following TACC3-depletion, immunofluorescence images showed that 
at least two or three other proteins (PCM1, Myo10 and Nde(l)) may localise a second 
population to the spindle microtubules independently of the described aMTOCs/MSPD 
pool (Figure 4.4). In particular, the unconventional myosin-10 is still prominently 
localised to the spindle following disassembly of the MSPD population after TACC3-
depletion, which might suggest an additional role for this unconventional myosin during 
meiosis. Although the spindle actin network in PCM1 depleted oocytes that showed the 
loss of Myo10 signal was examined, no direct link between the MSPD, spindle actin and 
Myo10 were prominent (Figure 3.9). Specific depletion of Myo10 in mouse oocytes 
could be another approach to further investigate its role at the meiotic spindle as a 
microtubule-spindle actin integrator.  
6.2.2 Aurora A: a key regulator of the TACC3/MSPD 
PLK4, PLK1 and Aurora A, the main regulatory kinases known to be important for 
centrosome function and spindle assembly, all localise to the aMTOCs in mouse oocytes 
(Figure 4.2) (Bury et al., 2017; Pahlavan et al., 2000; Yao et al., 2004). This hinted that 
the aMTOC-dependence of the MSPD might be driven by one of these main regulators. 
In fact, TACC3 is known to be an Aurora A kinase substrate, and its phosphorylation is 
essential for interaction with clathrin and spindle localisation (Booth et al., 2011; 
Cheeseman et al., 2011; Fu et al., 2010; Kinoshita et al., 2005; LeRoy et al., 2007; Lin et 
al., 2010).  
We wanted to further investigate whether Aurora A could have a regulatory function on 
TACC3, which might explain the aMTOC dependence of the MSPD. Indeed, following 
Aurora A inhibition (MLN8237 treatment), the MSPD could no longer form (Figure 6.5). 
Inhibition of the two other kinases (PLK1 and PLK4 with BI2536 and centrinone, 
respectively) did not alter assembly of the MSPD (tested by Chun So).  
Another important point worthy of mention is the association of TACC3 with clathrin 
and ch-TOG, especially as both localise to the MSPD (Figure 4.2).  Phosphorylation of 
TACC3 via Aurora A has been shown to regulate the clathrin/TACC3 interaction that 
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forms a composite microtubule binding site, which is required for recruitment of both 
proteins to the spindle microtubules in mitotic cells (Hood et al., 2013). Ch-TOG 
interaction alone cannot recruit TACC3 to the mitotic spindle, and it is therefore possible 
that TACC3 recruitment and assembly of the MSPD is driven by the previously 
described pathway, via Aurora A phosphorylation and clathrin/TACC3 complex 
formation that can recruit ch-TOG.  
Overall, this confirms that Aurora A is an important upstream regulator that can control 
the formation of the MSPD, most likely via the well characterised interaction between 
clathrin and TACC3.  
 
 
Figure 6.4. Aurora A activity is essential for assembly of the MSPD. 
Immunofluorescence of anti-TACC3 (green) anti-α-tubulin (magenta) and chromosomes 
(blue). Oocytes were treated with either DMSO (control) or Aurora A inhibitor 
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6.3  The MSPD pole protrusions are not conserved in the 
MTOC free human oocytes 
Investigation of human oocytes was initiated by testing centrosomal and spindle pole 
components to first confirm the localisation of the main PCM scaffold proteins. Although 
Pericentrin has been previously tested (Holubcová et al., 2015), I also investigated γ-
tubulin, NEDD1, CEP120 and CDK5RAP2, all of which have supported our current 
understanding that human oocytes do not contain prominent MTOC foci (Figure 4.8). 
With this in mind, I wanted to investigate whether the MSPD could assemble in the 
absence of MTOCs in these oocytes. Apart from PLK1, which has also shown 
kinetochore localisation, all tested components localised to the meiotic spindle (Figure 
4.8). Further live cell imaging of these components would be invaluable as spindle pole 
enrichment could be seen in some of the immunofluorescence images.  
Capturing live the dynamic remodelling of spindles in human oocytes labelled with 
TACC3 revealed that TACC3 recruitment coincided with the expected time of 
microtubule nucleation (Holubcová et al., 2015). It also provided insight into how 
TACC3 is recruited and organised within the small meiotic spindle (Figure 4.9A). During 
dynamic bipolarisation, TACC3 could be seen to concentrate at multiple spindle poles 
and then mark the two main poles once spindle bipolarity is achieved (Figure 4.9A). 
Closer investigation of its localisation with high-resolution immunofluorescence imaging 
showed that both MI and MII spindles do not show the characteristic micron sized 
protrusions seen in mouse oocytes (Figure 4.9B, D and E). In addition, TACC3 was also 
found to co-localise with α-tubulin on K-fibres (Figure 4.9F), suggesting that the 
aMTOC-independent population of TACC3 identified in mouse oocytes is conserved in 
human oocytes. 
To confirm microtubule dependence of TACC3 localisation, microtubules were 
depolymerised in MI oocytes (Figure 4.10). Surprisingly, spindle microtubules were 
resistant to Nocodazole treatment even at high concentrations (10 µM) and following 45 
minutes incubation (Figure 4.10A). As an alternative, I tried Colcemid, which efficiently 
depolymerised all microtubules within minutes and also confirmed microtubule 
dependence of TACC3 (Figure 4.10B and C). Nocodazole resistance could indicate 
different post-translational modification of microtubules in human oocytes, e.g. 
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acetylation of microtubules is known to make them more stable (Wloga et al., 2017), an 
interesting investigation that could be further explored.     
6.3.1 Spindle pole focusing in MTOC free human oocytes 
TACC3 was implicated in spindle assembly through its interaction with ch-TOG and 
clathrin (stabilising minus-ends at centrosomes) and K-fibre stabilisation (formation of 
intermicrotubule bridges) (Booth et al., 2011; Burgess et al., 2018; Fu et al., 2010; 
Gergely et al., 2000; Hood et al., 2013; Lin et al., 2010).  Although the aMTOC 
population of TACC3 and the TACC3-mediated MSPD formation is not conserved in 
human oocytes, it is possible that the previously described association of spindle 
microtubules via the TACC3-ch-TOG-clathrin interaction may also have an important 
role in spindle stability in human oocytes. In support of this, clathrin staining showed co-
localisation at the meiotic spindle in human oocytes (Figure 4.8).  
The most striking phenotype of TACC3 depleted oocytes is the high frequency (60%) of 
fragmented or multipolar spindles (Figure 4.11). On closer examination, microtubule 
fibres appear misaligned and frequently radiate outwards from spindle poles (Figure 
4.11E and F). This could suggest a conserved role of TACC3 in organising spindle pole 
microtubules. In addition, K-fibre organisation showed a similar disorganised structure, 
suggesting that perhaps the cross-linking of K-fibres in these oocytes is also affected 
(Figure 4.11G-I). TACC3 has recently been implicated in direct interaction with HURP, 
a RanGTP-dependent microtubule associated protein also know to stabilise K-fibres 
(Zhang et al., 2018). Considering the misaligned microtubule phenotype, it would be 
interesting to look at the assembly and stability of K-fibres is TACC3-depleted oocytes. 
In addition, although microtubule organisation was severely affected by TACC3 
depletion, which is potentially also responsible for the severe chromosome misalignment 
seen in these oocytes (Figure 4.11A), the total amount of nucleated microtubules was not 
affected (Figure 4.11C-D and H-I). This suggests that TACC3 and perhaps the aMTOC 
related Aurora A control do not contribute to microtubule nucleation in the absence of 
MTOCs, unlike in mitotic spindles where TACC3 was implicated in the assembly of γ-
TuRC at centrosomes (Ding et al., 2017; Gutie et al., 2015; Singh et al., 2014).  
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While a high proportion of human oocytes depleted of TACC3 showed spindle pole 
organisation defects, it does appear that some degree of microtubule minus-end 
anchoring does still occur, as the split or multipolar spindles all show clear focal points 
(Figure 4.11A). In the absence of prominent MTOCs, human oocytes likely rely on 
microtubule associated proteins and motors to focus their spindle poles and organise a 
bipolar spindle structure. Therefore, further investigation of the role of cytoplasmic 
dynein and its main spindle pole adaptor NuMA would be an important starting point to 
further dissect the main spindle pole organising mechanisms in human oocytes. 
Overall, the role of an aMTOC/MSPD-independent population of TACC3 in human 
oocytes indicates an important function for spindle pole organisation. This mechanism is 
probably not the only one that human oocytes use for the focusing of spindle poles, and 
the main minus-end organiser dynein is a strong candidate for playing a complementary 
role at spindle poles. Nonetheless, the absence of the newly described MSPD protrusions 
in human oocytes could raise an interesting possibility to explain why human oocyte 
spindles are highly unstable.  
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 OUTLOOK 
Our understanding of how oocytes assemble their microtubule spindle and maintain a 
stable bipolar structure is still poorly understood. The difference in spindle assembly 
mechanisms between mouse and human oocytes is an intriguing subject in particular, as a 
possible explanation as to why human oocyte spindles are more unstable and prone to 
meiotic errors. 
The work presented here describes a unique meiotic spindle pole domain (MSPD) in 
mouse oocytes, which is shown to closely associate with the aMTOCs. Further 
investigation revealed that the characteristic MSPD protrusions are absent in human 
oocytes. It is tempting to speculate that the absence of the aMTOCs and/or MSPD 
protrusions could be one of the reasons why human spindles are more unstable. Testing 
this hypothesis first requires a better understanding of the function of the MSPD in 
mouse oocytes. One possibility is that the MSPD acts as a reservoir for proteins that are 
required for aMTOC and spindle pole stabilisation. Disassembly of the MSPD might 
possibly reduce the local concentration of all components recruited in this domain. 
Therefore, it would be interesting to test whether the overexpression of specific MSPD 
proteins could rescue or partially recover the TACC3 depletion phenotype. Another 
possibility would be to test if there is a direct interaction between the MSPD and the 
aMTOCs. For this it would be necessary to first identify the core proteins that potentially 
link both cellular structures and remove them using Trim-Away. Once we understand the 
structural organisation and function of the MSPD, we might be able to identify the key 
MSPD components and reconstitute this domain in vitro using recombinant proteins.  
The data presented shows that upon disassembly of aMTOCs (PCM1 or Pericentrin 
depletion), mouse oocytes form a smaller, bipolar spindle with a mechanism similar to 
that previously shown in human oocytes (Holubcová et al., 2015). Thus, it would be 
interesting to test if this phenotype could be rescued by overexpressing key MSPD 
proteins that might form a functional subcomplex in this domain, and recruit other 
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components. The final goal would be to repeat this experiment in human oocytes to see 
whether we could improve human meiotic spindle stability by the overexpression of key 
aMTOC and MSPD components that could reconstitute a more robust, ‘mouse-like’ 
spindle pole structure.   
Importantly, one should also look at other mammalian species, such as , pig, cow or 
sheep  as these oocytes were also found to lack prominent cytoplasmic or spindle pole 
MTOC foci, similar to human oocytes (Holubcová et al., 2015; Le Guen & Crozet, 1989; 
Lee et al., 2000; Long et al., 1993). This could reveal whether the MSPD protrusions are 
indeed a unique component of the acentrosomal mouse spindle or if other mammalian 
oocytes may have also adapted similar domains to stabilise their meiotic spindles in the 
absence of MTOCs. This would be an important investigation to show if the absence of 
MSPD protrusions in human oocytes could distinctively account for the intrinsic spindle 
instability observed in these cells. 
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